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Stellingen behorende bij het proefschrift:
CLINICAL, MECHANICAL AND BIOLOGICAL ASPECTS OF IMPACTION
BONE GRAFTING IN ORTHOPAEDIC REVISION IMPLANTOLOGY
• Vanuit biomechanisch oogpunt kan een tri-calciumphosfaat/hydroxyapatiet botsubstituut
goed gebruikt worden ter vermindering van het benodigde hoeveelheid donorbot in
impaction bone grafting van het femur. (dit proefschrift)
• De mechanische eigenschappen van corticaal bot lijken niet beïnvloed te worden door
langdurige bevriezing of balseming in formaline. (dit proefschrift)
• Grote acetabulaire defecten (AAOS type III en IV) behoeven extra stabilisatie voor het
welslagen van de impaction grafting techniek. (dit proefschrift)
• Bioresorbeerbare meshes lijken chirurgisch en biomechanisch geschikt om tijdens
impaction grafting de botcontour te herstellen in segmentale femorale defecten. 
(dit proefschrift)
• Impaction bone grafting kan succesvol gebruikt worden voor de behandeling van
botdefecten in knierevisie chirurgie. (dit proefschrift)
• Wind mee wordt wind tegen als je de andere kant op wilt. (All stars, the movie)
• Binnen de orthopaedie is verbaal opereren van groot belang.
• Een luiervakantie met een baby is (taalkundig) goed mogelijk.
• Het gaat niet om de productiviteit maar om kwaliteit.
• Liever schuin erin dan recht ernaast. (J.J. van Os)
• Het bij kinderen selectief gebruik maken van de televisie draagt in grote mate bij aan
de productiviteit van ouders.
• Niet alles wat gemeten kan worden is belangrijk en niet alles wat belangrijk is kan
gemeten worden. (Albert Einstein, 1879 – 1955)
• Geloven en weten zijn twee rails die evenwijdig lopen en elkaar nooit ontmoeten,
behalve bij het kind. (Godfried Bomans, 1913-1971)
• Een roeier moet vaak achterom kijken om vooruit te zien.
E.H. van Haaren
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HISTORY OF TOTAL HIP REPLACEMENT
Due to the crippling nature of osteoarthritis, surgeons have been trying for well
over a century to successfully treat this debilitating disease. It was clear that
many people required surgery to relieve the terrible pain and keep their joints
mobile. Initial attempts to treat arthritic hips all met with failure, and surgeons
and scientists were unable to find a material which was biocompatible with the
body, and yet strong enough to withstand the tremendous forces placed on the
hip joint. A dramatic improvement came with the introduction of total hip
replacement, which is a surgical procedure whereby the diseased cartilage and
bone of the hip joint is surgically replaced with artificial materials. 
In the early days of total hip arthroplasty (THA), the clinical results were rather
unpredictable. In 1891 the earliest recorded attempts at hip replacement were
performed in Germany by Themistocles Glück, who used ivory to replace the
femoral head. In 1946, Jean and Robert Judet used an acrylic prosthesis to
replace the femoral head1. However, this material could not withstand the
tremendous forces acting on the prosthesis during the activities of daily life. The
invention of cobalt-chromium alloys in the 1930s resulted in a spectacular
improvement2. This new alloy was both strong and resistant to corrosion. Since
then cobalt-chromium alloys have become a standard in hip prosthesis.
However, new problems have arisen due to particle wear resulting in osteolysis
and subsequent loosening of the prosthesis. 
In the 1960s a major breakthrough in hip replacement surgery was achieved by
John Charnley, who introduced ultra high molecular weight polyethylene
(UHMWP) as a material to be used for the acetabular socket in combination
with a metal femoral head, and fixation of the prosthesis with polymethyl-
methacrylate (PMMA) bone cement3. Charnley’s concept was called “low
friction arthroplasty”, and is generally considered the first long-lasting total hip
replacement. Following Charnley’s success in hip replacement numerous
attempts were made to design a total knee replacement. In the 1970s John
Insall introduced the total condylar knee replacement, which serves as the basis
for modern knee replacements4,5. 
Nowadays total hip and knee arthroplasty is an attractive and effective
treatment for osteoarthritis, rheumatoid arthritis, fracture, bone tumor, avascular
necrosis, and/or congenital dysplasia of the hip and knee6-9. THA is one of the
most successful operations performed worldwide10. It has been estimated that
more than 16,000 total hip replacements are performed in the Netherlands
annually11. Between 1980 and 1994 the number of implanted THA doubled.
Due to its success (93,3% overall implant survival after 10 years; Swedish hip
1
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registrar, 2006), the indications for THA have broadened from the elderly to
include relatively young patients, and the number of alternative treatments such
as arthrodesis and osteotomy has decreased. The patient characteristics have
also changed, as younger patients are more active and more demanding (“the
millennium patient”). These developments clearly indicate that the number of
revision hip procedures will only continue to increase in the future.
ASEPTIC LOOSENING AND REVISION SURGERY
Artificial joints wear out and decay in time. This may result in aseptic loosening.
Aseptic loosening induces pain and may result in dislocation of the prosthesis
components. Aseptic loosening is responsible for 75% of cases of prosthesis
failure and forms the major indication for revision surgery10. Aseptic loosening
is a process of de-bonding of a prosthesis out of the host bone or the cement
mantle. In contrast to septic loosening, in which bacterial infection is the
underlying cause, there is no infectious component in the loosening process.
The underlying mechanism of aseptic loosening is still not fully understood.
Micro-motion of the implant and fluid flow seem to play a role, while wear
particles are definitely involved in this process in provoking an inflammatory
reaction12,13. Other reasons for performing revision surgery are infection,
fracture, and/or implant-related problems such as recurrent dislocation14-16. The
total number of revision surgeries performed in the Netherlands alone
increased more than four-fold from 350 in 1980 to 1400 in 1994. The Swedish
hip arthroplasty registrar shows an increase in the absolute number of revisions
from 1032 in 1998 to 1228 in 200717. 
It is expected that the number of revisions will further increase in the coming
decades as the number of primary total hip and knee replacements increases.
In the period 1995-2005 the number of primary knee arthroplasties in the
Netherlands increased from 4916 to 14.565 (196%) and the number of primary
hip arthroplasties increased from 13,785 to 20,715 (50%)18. Although the
absolute number of arthroplasties is increasing, the relative number of revisions
will probably decrease due to better implant survival as a result of technical
improvement of total hip arthroplasties. This assumption is supported by data
from the Swedish Hip Register11,17.
BONE STOCK LOSS IN REVISION SURGERY
The major challenge in revision hip surgery is the treatment of loss of bone
stock caused by bone resorption and/or removal of the implant itself. The
challenge for the orthopaedic surgeon is to deal with this loss of bone stock and
to implant a new prosthesis in the often fragile bone. Various techniques have
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been described to manage this problem of bone stock loss effectively. Bone can
be replaced by bone obtained from elsewhere in the body or from other
individuals (impaction grafting, structural allografts), by metal (large
uncemented acetabular or femoral components, reinforcement rings and cages,
trabecular metal), or by bone cement19-21. All techniques can provide a
mechanical solution to address the loss of bone, but the use of artificial
materials only replaces bone and does not contribute to the restoration of bone
stock. A biological solution to restore bone stock is attractive in the young and
active patient likely to undergo multiple THA revision surgeries, since this will
facilitate potential future revisions and is the optimal basis for long-lasting
implant survival. 
IMPACTION BONE GRAFTING
To address this problem, the method of impaction bone grafting for the
acetabular side was developed by Slooff and co-workers in the ‘70s22, followed
by development of impaction bone grafting for the femoral side by Ling, Gie,
and co-workers23. Their technique of impaction grafting consists of three
principles. First, large segmental defects are treated with metal meshes to
provide a solid base for the bone graft. Second, restoration of bone stock is
performed by filling the bone defects with vigorously impacted morsellised
cancellous bone graft. Third, new implants are cemented in the reconstruction
area, in a similar way to the primary procedure. 
1
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The key to long-term success of the impaction bone grafting method is bone
graft incorporation and remodelling into the host bone. A complex and delicate
balance exists between initial mechanical stability and long-term graft
incorporation. The initial construct needs to provide sufficient mechanical
support to the reconstruction in order to allow bone remodelling and
incorporation. Bone graft incorporation depends on mechanical stability and
loading of the graft. This is a biological process, which has been studied
extensively in animal models24-27, and occurs through a sequence of
inflammation, revascularisation, (partial) graft resorption, and osteogenesis.
Histological analysis of retrieved tissue samples has shown bone remodelling
and gradual bone ingrowth26 (Figure 1). The initial inflammatory response is
probably caused by the surgical intervention and the use of allogenic bone
graft. Thereafter, osteoclasts start to resorb the bone graft material.
Revascularisation occurs and viable progenitor cells are supplied by the 
host26, 28. Protein mediators and growth factors are released from the matrix of
the impacted bone graft, which attract host mesenchymal stem cells (MSCs) into
the graft29. These MSCs differentiate into bone forming osteoblasts in a
16
Figure 1
Microscopic pictures of the
remodeling process 2 months
after impaction bone grafting.
Lamelair graft bone (G) is
resorbed by host osteoclasts
(OC), while osteoblasts (OB)
produce new woven bone (WB)
against the graft bone.
A: Light microscopy, 
B: Fluorescent microscopy (the
lamellar orientation of the graft
bone is clearly visible)
Courtesy of Prof Dr PJ van Diest
and Dr IC Heyligers
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complicated sequence controlled by a multitude of growth factors and
signalling peptides. The mechanism of bone graft incorporation resembles the
process of fracture healing29-32. Osteoblasts produce extracellular bone matrix
which is then mineralized, and the first new woven bone is formed against
unresorbed graft remnants. This woven bone is then remodelled into lamellar
bone under the influence of mechanical loading. During this process, the
mechanical stability of the graft particles gradually changes to produce
biological stability and fixation of the implant in a new bone bed.28,33,34. 
This thesis discusses unresolved clinical challenges, and looks for alternative
biomechanical and biological approaches to improve impaction bone grafting
revision surgery. 
CLINICAL CHALLENGES
Despite extensive research efforts and important improvements in the
technique, many challenges in impaction bone grafting still exist. Good clinical
results for impaction grafting have been published35-39, but less favourable
patient studies have also been described40-42. Therefore it is necessary to
identify the clinical parameters essential for an optimal clinical outcome, as
well as to identify the cases in which the impaction grafting technique has its
limitations. A clinical follow-up study could throw light on these questions.
It would also be a logical step to use the impaction grafting technique to treat
bone loss in revision knee surgery. The results in revision hip surgery are
encouraging, but little is known about the clinical results and the remodelling
process after revision knee surgery. 
ALTERNATIVE APPROACHES IN REVISION SURGERY
Biomechanical strategies
Another important challenge in impaction bone grafting is the development of
new materials. First, a solution has to be found for the problems related to the
use of allograft bone. Autologous bone is still considered the gold standard in
bone grafting procedures. However, donor site morbidity and lack of bone
volume generally limits the use of autologous bone in impaction grafting
revision procedures. Allograft bone is a viable alternative, but bears the risk of
pathogen transmission, high costs, and shortage of supply43-45. Also, the
mechanical properties of allograft bone are not consistent. Synthetic graft
extenders could be attractive, but the surgical behaviour and mechanical
properties of these new materials need to be investigated before they can be
applied in the clinic. 
17 G
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Secondly, in the case of segmental and/or cavitary bone defects, the bone
contour needs to be restored before the bone graft can be impacted39. Until
now, metal meshes have been used for this purpose. Although metal meshes
function well, both mechanically and clinically, there are disadvantages
regarding the use of these meshes, such as the eclipse of bone remodelling on
radiographs39, stress shielding effects, and the presence of an extra foreign body
in cases where infection has developed and/or re-revision is required. Stainless-
steel wire meshes also negatively influence the bone remodeling process46.
Most of the disadvantages encountered could be avoided using bioresorbable
meshes. The meshes can be made of a resorbable material, since mold meshes
loose their mechanical function after remodeling of the bone graft. Additional
advantages of the use of bioresorbable meshes are the potentially increased
loading of the graft during the resorption of the meshes, thereby facilitating the
remodelling process. These meshes could also be loaded with bioactive agents
like antibiotics and growth factors.
Before bioresorbable meshes can be used in a clinical protocol, mechanical
testing is needed to assess whether they can withstand the forces applied to
them during the impaction procedure. 
A validated and realistic model is needed to test the above mentioned
alternative materials in impaction grafting. These models should not only be
mechanically suitable, but also ideally provide feedback on the surgical and
clinical implications of the new material tested. Human cadaver models could
potentially combine these two requirements, where it is essential that the
mechanical properties of these models match reality closely. Human cadaver
bones are generally embalmed in a buffered formaldehyde solution and stored
for relatively long periods (up to one year) before usage. Further studies are
required to evaluate the long term effects of embalming and freezing on the
mechanical properties of bone. 
Biological strategies
Another solution to the loss of bone stock encountered during revision
procedures is the use of a combination of (autologous) cells, scaffolds and
growth factors to induce bone formation (“tissue engineering”). This method
also provides a solution to the risk of pathogen transmission, shortage of supply,
and high costs encountered when using allogenic bone graft. The application of
autologous adult mesenchymal stem cells (MSCs), possibly in combination with
a synthetic scaffold and bone morphogenetic proteins (BMPs), could potentially
be a vital and attractive alternative to replace bone graft material. 
18
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MSCs, but also other cells related to graft incorporation and remodeling, could
be stimulated with the use of growth factors, thereby improving bone formation
and clinical outcome47-49. Bone morphogenetic proteins (BMPs) belong to the
transforming growth factor- family and induce differentiation of multipotential
MSCs into both chondrogenic and osteoblast precursor cells50. In particular,
bone morphogenetic protein-7 (BMP-7), which is also called osteogenic protein-
1 (OP-1), has been investigated intensively51-54. OP-1 is an important modulator
of cell proliferation and differentiation into osteoblasts55-57. The exact
mechanism by which OP-1 acts in bone impaction grafting procedures,
however, is not completely understood58. To understand the cellular process
underlying the effect of OP-1 added to bone graft in impaction grafting, it is
important to know exactly which cells are affected by OP-1, and how. In the past
the survival of vital osteoblastic cells in bone-bank bone has been reported59.
These cells and “fresh” osteoblasts could also benefit from stimulation with OP-
1. It would be especially interesting to know whether OP-1 can be used to
stimulate the proliferation and/or differentiation of MSCs. The transplantation of
MSCs to the graft site in the presence of osteogenic factors like OP-1 might be
beneficial for enhanced bone formation after impaction grafting procedures.
GENERAL AIM AND RESEARCH QUESTIONS
The general aim of this thesis is to explore possible improvements in clinical
outcome inimpaction grafting revision surgery, and to look for alternative
approaches to surgical problems encountered during impaction bone grafting.
The underlying research questions that are addressed in the light of the general
aim are:
1. Clinical questions
A: What is the clinical presentation of bone loss after failed THA?
B: What is the clinical outcome of the impaction grafting technique when
applied to relatively simple bone loss in revision knee surgery? 
C: What is the clinical outcome of impaction grafting revision surgery in large
bone defects, and which parameters are the key variables in making impaction
grafting revision surgery successful in large acetabular defects?
2. Biomechanical questions
A. What are the effects of long-term preservation by freezing or formaldehyde
embalming on the mechanical properties of cortical bone used for in vitro
mechanical tests in impaction grafting? Is long-term preserved bone suitable for
application in mechanical test protocols of orthopaedic devices?
B. Can bioresorbable meshes, which are intended to treat segmental femoral
defects, withstand the mechanical forces applied during impaction grafting?
19 G
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C. Are bone graft extenders such as TCP/HA granulae suitable for use in femoral
impaction grafting, from a biomechanical point of view? What is the clinical
behavior of a TCP/HA graft extender used to treat bone loss in stem revision
procedures in impaction grafting?
3. Biological question
Is it possible to stimulate cells related to the bone incorporation process in a
biological manner with growth factors OP-1? 
APPROACH
1. Clinical questions:
A. In chapter 2 the mechanisms leading to bone loss and the indications for use of
impaction bone grafting are illustrated in a clinical study of an uncemented metal
backed cup. This cup showed high wear rates of the polyethylene inserts and holes
in the metal backing for additional screw fixation. This combination is notorious for
causing a high incidence of cyst formation and osteolysis, and a high revision rate
can be expected under these circumstances. As a result of aggressive osteolysis, loss
of bone stock is a major problem and revision surgery becomes necessary. 
B. Chapter 3 describes a follow up study of impaction grafting knee revisions.
It illustrates that the impaction grafting technique is not only applicable in hip
revision surgery, but can also be used successfully in relatively simple revisions
of total knee arthroplasties. Operations were performed with specially designed
instruments and primary total knee prostheses.
C. In chapter 4 we report on the follow up of acetabular impaction grafting
revisions with large defects. In this study less favorable clinical results were
obtained. We aimed to recognize factors related to failure or success in
impaction grafting revision, with the purpose of identifying the potential
limitations of the technique.
2. Biomechanical questions:
A. To investigate whether the mechanical properties of femurs used for in vitro
mechanical studies are influenced by long-term storage, we performed a
mechanical study with goat humori and femurs. Rotational and bending torsion
and stiffness were evaluated after 0 to 12 months of storage by freezing or
embalming. The results of these studies are presented in chapter 5.
B. To investigate the biomechanical and surgical feasibility of a polylactic acid
bioresorbable mesh, used as a mold to contour segmental bone defects in
impaction grafting revision procedures, a surgical evaluation and mechanical
study was undertaken. The results are described in chapter 6. 
C. To decrease the amount of allograft bone needed in impaction grafting
procedures, synthetic graft extenders are of potential use. In chapter 7 we
performed a biomechanical and surgical feasibility study on a TCP/HA bone
20
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graft extender, which was surgically evaluated and mechanically tested in a
human femoral model.
3. Biological questions:
A biological approach is taken in chapter 8. Cells related to bone remodeling
after impaction grafting could potentially be stimulated by bone morphogenetic
proteins (BMPs) to enhance the remodeling process. Adipose-derived
mesenchymal stem cells (AT-MSCs) (in combination with synthetic scaffolds)
are a potentially promising source of cells for replacing allograft bone. To study
the effect of OP-1 on AT-MSCs and to investigate whether these cells can be
stimulated to differentiate along the osteogenic pathway, in-vitro cell culture
studies were performed.
21 G
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ABSTRACT
Radiographs of 72 uncemented hip implants with a mean follow-up of 6.5
years were analysed to measure wear of the implant. The wear rate was
measured using the modified technique of Livermore and was found to be 0.13
mm per year (CI 95% 0.080–0.18). There was no statistical correlation between
wear and age, gender and cup angle, but there was a correlation between wear
and the number and size of cysts. This has not been previously published. In
view of the risk of loosening and of a dramatic increase in the rate of wear
when the femoral head articulates with the metal backing, it is important to
plan revision of these cups in good time and to ensure regular radiographic
surveillance of these patients.
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INTRODUCTION
Hydroxylapatite (HA)-coated total hip implants have been in use for several years,
and although early reports showed promising results3,5,10,14, longer follow-up
revealed the appearance of clinical problems due to wear of the polyethylene
acetabular implant1,2,4,6,9,11,12. In this study we investigated the polyethylene wear
of a hydroxylapatite-coated total hip implant and the concomitant cyst formation
that occurs as a result of the associated osteolysis.
PATIENTS AND METHODS
We reviewed the radiographs of 72 primary total hip implants (Landos Corail,
Landanger, Chaumont, France) in 64 patients. There were 47 women and 25
men, and their ages ranged between 36 and 79 (mean 62) years. The follow-up
period ranged between 22 and 105 (mean 79.25) months. The operations were
performed between August 1991 and May 1994. The acetabular component
consisted of a hemispherical, self-tapping screw cup made of TiAl6V4 with the
entire outer surface plasma sprayed with calcium hydroxylapatite
(characteristics: thickness 155±35 mm, purity greater than 98%, crystallinity
between 50–70%, bonding strength 35 MPa). Femoral heads measuring 32 mm
were used (Biolox alumina, surface roughness characterised by roughness
average (Ra)=0.05 mm), and the straight stem was also made of titanium alloy,
of which the upper half had been coated with the same HA as the cup. Cup size
varied between 44 mm and 60 mm. Details can be seen in Table S1. The liner
had been machined from the base resin GUR 412 (Chirulen, Germany) and had
a molecular weight of 4.4 million and a density of 0.934 g/cc. The polyethylene
was reported to fulfil the International Standards Organization (ISO) standard
5834/2 and the American Society for Testing and Materials (ASTM) standard
F648. The same surgeon operated on all the patients and used an anterolateral
approach to the hip.
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 cupr = line through the center of the
femoral head and the line at the
medial border of the metal backing
d = distance between the outer
lines of the acetabular component
Figure 1: Modified measurement technique according to Rokkum and Reigstad. Polyethylene
wear of the acetabular component is calculated with the formula: 1/2d–r. 
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Measurement technique
For radiological assessment both the first and latest post-operative antero-
posterior X-rays of the pelvis were examined. These radiographs, centred over
the pubis, were standardised by using the same leg position, film quality, field,
target distance, magnification, exposure and developing process.
Measurements of the femoral head position were corrected for magnification by
comparing the known diameter of the femoral head (32 mm) to the measured
diameter on the X-ray. To measure implant wear, Livermore’s technique,
modified by Rokkum and Reigstad, was used7,11. Femoral head eccentricity in
the metal backing was measured by determining the centre of the femoral head
using a template with concentric circles. A line was drawn through the points
of intersection of the femoral head and the periphery of the metal backing.
Further lines were then drawn at an angle of 90° from this base line through the
centre of the femoral head and the outer borders of the metal. The distance
between the two outer lines (=d) was measured, as well as the distance
between the line through the centre of the femoral head and the line at the
medial border of the metal backing (=r) (Fig. 1). The wear was then calculated
using the formula d/2–r. Radiographs were assessed by the same person and, to
ensure accuracy, 15 radiographs selected at random were measured twice.
Antero-posterior radiographs were used to detect the formation of cysts in
different Gruen zones. To determine the lateral cup angle, the angle was
measured between lines drawn through the lowest point of the ischial bones
and through the intersection of the femoral head and the metal backing.
Statistics
Correlation between variables was analysed with Spearman’s twotailed test.
Statistical significance was set for p< 0.05. The paired sample t-test was used to
analyse the two measurements for intraobserver variability.
RESULTS
There was no statistical difference between the two measurements of the wear
that were made twice. The correlation of the two measurements was 0.816 (p=
0.22) and the standard error of the mean was 0.17 mm (SD 0.65 mm). Mean
eccentricity at the first post-operative radiograph was 0.33 mm (CI 95%:
0.23–0.43) and at the latest postoperative radiograph was 1.18 mm (CI 95%:
0.94–1.43), resulting in a mean wear of 0.85 mm (CI 95% 0.60–1.11). This
means that the wear per year was 0.13 mm (CI 95% 0.08–0.18). The lateral cup
angle was 51.3° (SD 5.17), and no statistically significant correlation was found
between wear and age or gender, and cup angle (Spearman’s r−0.04, p=0.7).
Between the wear and the amount of cysts, however, there was a statistically
significant correlation (Spearman’s r 0.30, p=0.01).
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Figure 2: A: Radiograph pelvic 10 years after implantation. Because of the extreme polyethylene
wear, the right femoral head articulates against the radiographic orientation ring and the metal of
the screw cup. A large bone cyst is located behind the screw cup. On the contralateral side a
revision was previously performed. B: Polyethylene insert of the same patient, removed during
revision. On one side (see arrow) the polyethylene is completely worn out.
Im
plant w
ear and osteolysis w
ith a hydroxylapatite-coated screw
 cup
2
33
DISCUSSION
In 1998 Rokkum and Reigstad11 reported on the amount of wear of a similar
screw cup, but this had a different femoral head and stem. In their study 32 mm
stainless steel heads of Inox with a surface roughness of Ra=0.05 mm were
used. The straight, tapering stem was entirely plasma-sprayed, giving an HA
coating with the same characteristics as used by us. However, in our study a 32-
mm femoral head of alumina with the same surface roughness was used. Our
femoral stem had a similar design but only was coated at the upper half with a
comparable HA coating. The mean eccentricity rate that Rokkum and Reigstad
found in 79 hips with a follow-up of 5 years was 0.14 mm (CI 95% 0.11–0.18)
per year. These findings are comparable to the 0.13 mm (CI 95% 0.08–0.18)
annual wear rate found in our series. However, we found a mean femoral-head
eccentricity on the first post-operative radiograph of 0.33 mm (CI 95%
0.23–0.43) compared to an eccentricity of 0.15 mm (CI 95% 0.09–0.20) in
their study. But this difference does not influence the final outcome, as the
calculations have been made in a similar way and the wear direction could not
be assessed because of the metal backing’s irregular outer surface. 
Livermore et al.7 developed a technique to determine acetabular component wear
and following 385 hips for at least 9.5 years. They found a maximum of wear
directed at 15° medial to a vertical line. Based on this work7, we estimated that the
true wear may be twice as high as the wear measured in the present study, and this
agrees with the comments of Rokkum et al.11. According to the conclusions of
Livermore et al.7, the true wear is approximately 0.26 mm per year.
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Bankston et al.1 found linear wear rates of 0.06 mm per year, 0.05 mm per year
and 0.08 mm per year for stainless steel, cobalt chrome, and titanium alloy
bearing surfaces respectively. Their results showed linear wear rates of 0.011
mm per year in a metal-backed group and 0.08 mm per year in a non-metal-
backed group. 
Both the method of polyethylene fabrication and the use of a metal backing
have a significant effect on the wear rate in contrast to a metal femoral bearing,
which has minimal (if any) effect. Sychterz et al.14 found, in different “retrieved”
polyethylene liners, a mean wear rate of 0.07 mm per year. They found
significantly higher wear rates of press-fit, metal-backed liners compared to all-
polyethylene cemented cups. Chen et al.2 found, in an in vitro test of five
models from four manufacturerswith different locking mechanisms, that a stable
locking mechanism and a smooth acetabular shell surface are important in
minimising polyethylene liner wear. Xenos et al.15 found greater liner wear of
porous-coated anatomic total hip arthroplasties for patients with osteolysis, but
this relation was not statistically significant. Nashed et al.9 found the highest
statistically significant osteolysis rate with fixed titanium heads and cementless
Biologic ingrowth anatomic system cups, and the lowest osteolysis rate with
fixed titanium heads and cemented polyethylene cups. Devane et al.4 also
found significantly greater volumetric polyethylene wear in cementless titanium
metal-backed Mallory-head prostheses than in cemented cups. However, they
only found osteolysisto be associated with an increased polyethylene wear rate
in cemented prostheses. Sochart et al.13 found in Charnley low-friction
arthroplasties significant relations between the prevalence of osteolysis and
component loosening. Livermore et al.7 found in cemented polyethylene cups
a significant increase of polyethylene wear with 32-mm heads when compared
to 28-mm heads. 
It is known that “third body” wear of HA particles can be responsible for
increased polyethylene wear8. Lai et al.6 described a negative correlation
between the residual HA coating on loose cups and the duration of
implantation of the same prosthesis as we used in this study. Therefore, third
body wear could very well contribute significantly to the polyethylene wear
found in our study. 
The significant relation between osteolysis (cyst formation) and polyethylene
wear that we found has not previously been described for these cups. This
information is important for clinicians and means that these implants need
regular radiographic follow-up. Because of the risk of loosening and of the
dramatic increase of wear rate when the femoral head articulates with the metal
backing, it is important to plan adequately early revision of these cups (Figs 2a
and 2b). The actual surgery indicated depends on the clinical situation, and
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when the cup is loose a complete revision should be performed. Usually, we
use impaction grafting of donor bone to fill any bone loss, followed by cement
fixation of a new polyethylene cup. When the fixation of the original cup is
satisfactory but cysts have appeared, then these can be filled with donor bone
— or artificial materials such as HA and tricalcium phosphate (TCP) granules or
paste — introduced through the holes in the cup. This is followed by insertion
of a new liner. The polyethylene liner thickness can then be significantly
increased by replacing the 32-mm femoral head by a 28-mm femoral head.
Whether this method of treatement gives better results than complete cup
revision has yet to be proved by further prospective studies.
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ABSTRACT
A technique is described for revision knee arthroplasty with impaction grafting
of cancellous bone grafts to treat bone loss and the use of primary implants.
Specially designed impaction instruments were used. Bone loss was classified
according to the Anderson Orthopaedic Research Institute classification. Four-
year follow-up of 11 knees in 9 patients showed good clinical and radiographic
results.
40
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INTRODUCTION
Impaction grafting using autogenous or allogenic bone chips is effective in
treating bone loss in cemented revision hip arthroplasty1. With a process of
creeping substitution in the impacted bone bed, new bone is formed. This new
bone has a woven structure, but according to Wolf’s law, it becomes lamellar
under the influence of loading2. Based on our experience with impaction
grafting in revision hip surgery, we started impaction grafting of autogenous or
allogeneic cancellous bone particles in revision knee surgery. In all cases,
primary implants with short stems were cemented in the rebuilt bone bed.
Special instruments were designed and developed based on the principles of
the hip revision exchange technique1,3. With this technique, a situation is
created that resembles a primary intervention regarding bone stock.
MATERIAL AND METHODS
Surgical Technique
After removal of the implants and all cement, a thorough debridement is
carried out. Great effort is made to save as much host–bone as possible. Frozen
sections are performed to rule out infection. In case of infected loosening, we
perform a 2-stage procedure. The bone of the distal femur, the proximal tibia,
and the patella is cleaned and inspected to assess the amount of bone loss and
the presence of fissures and fractures. We use bone from our bone bank,
sometimes mixed with autograft bone when this can be harvested from the
same knee joint (eg, when an unicondylar prosthesis has to be revised). The
cancellous bone is contoured with a large nibbler in pieces of about 7-mm
diameter. A plug is placed in the medullary canal. The diameter of this plug is
based on measurements with special instruments. A central rod is fixed to the
plug, over which hollow instruments are guided (Fig. 1). These instruments go
step by step, from large to small, to finish with the final implant resembling the
cemented prosthesis. The size of the implants is based on radiographic
measurements and trial fitting during the operation. The shape of the
instruments allows tight impaction of bone particles and has in the femur a
valgus angle of 7°. The tibial component is placed in a neutral position (coronal
plane) with a posterior slope of about 3° (Figs. 2 and 3). It is important that bone
particles are impacted layer by layer with enough force, resulting in a dense
amount of well-compressed bone. In this impacted bone bed, room is made
with the last impactor for the final implant. An extra space of 2 mm for the
cement layer is taken into account. Joint line landmarks must be identified to
restore the proper joint line as close as possible.
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Figure 1. Special instruments
that were designed for impaction
of the femur and tibia.
Figure 2. Impaction of the femur.
Figure 3. Impaction of the tibia.
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Primary implants (Kinemax, Stryker Howmedica Osteonics, Limerick, Ireland)
are implanted using bone–cement with gentamicin (Simplex, Stryker
Howmedica Osteonics). We are not accustomed to using a patellar prosthesis
in primary knee arthroplasties, and in revision cases, we rarely use a patellar
component. The patella is de brided, and osteophytes are removed. All efforts
are made to centralize the patella within the trochlear groove; often a lateral
retinacular release is performed to achieve this goal. Depending on the primary
stability achieved and on the amount of graft that was used, the knee is
immobilized in a cast; this immobilization period can last 3 months. At this
stage, isometric quadriceps training is performed. After this period, knee
mobility training is begun. Depending on the extent of reconstruction, full
weight bearing is prohibited until a maximum of 3 months after surgery.
Patients
In 9 patients, 11 knee revisions with impacted bone grafts were performed.
There were 7 women and 2 men with a mean age of 75 years (range, 62–87
years) (Table 1). There were 5 medial and 1 lateral unicondylar prostheses
removed; all had a total knee arthroplasty implanted. Four total knee implants
were revised, including 1 implant with long intramedullary stems in a patient
who already had undergone a knee revision (patient no. 1). Only the femoral
component was revised in 1 case. In 3 cases, a 2-stage procedure was
performed because of infection. A tibial tubercle osteotomy was performed in 1
case. The bone loss was classified according to the Anderson Orthopaedic
Research Institute bone defect classification4. In all cases, primary knee
implants were used with short intramedullary stems. A posterior stabilized
insert was used 4 times, and a conventional condylar insert was used 7 times.
A patellar component was implanted in 1 case. When unicondylar prosthesis
was exchanged, autograft bone was used and in almost all cases mixed with
allograft chips. In all cases, gentamicin bone–cement was used.
RESULTS
A type 1 defect of the tibia and femur and a type 3 defect of the femur were
treated once. All other defects were type 2 defects of the femur and tibia. In 2
knees, only autogenous bone was used; in 3 knees, a combination of
autogenous and allogeneic bone chips was used; and in 6 knees, only
allogeneic bone chips were used. A total of eight femoral heads and 1 femoral
condyle block were used. Clinical data are presented in Table 2.
In 5 cases, immobilization of the knee was performed for periods lasting 6 to 12
weeks. Full weight bearing was allowed directly after the operation in 4 cases.
In 2 patients, only tiptoe weight bearing was allowed until 6 weeks; in 5 cases,
full weight bearing was allowed at 3 months. All operated knees were fully
43
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Bone Loss Implanted  
Patient No.,
Sex, Age (Y) Follow-up Removed Femur Tibia Femur
1, F, 73 3 mo Revision TKA right F3 T2b Posterior stabilized      
(long stems) small
2, M, 62 6 mo Cemented TKA F2b T2b Posterior stabilized     
right and patella component large
3, M , 87 1 y Unicompartmental F2a T2b Medium     
medial left     
4, F, 78 1 y Unicompartmental F2a T2a Primary TKP small    
medial left
2 y Unicompartmental F1a T2a Cemented medium  
medial right
5, F, 77 2 y Unicompartmental F2a T2a Medium  
lateral right
6, F, 82 2,5 y TKA right F2b T2b Medium posterior     
Unicompartmental stabilized
7, F, 72 3,5 y medial left F1 T2a Medium under     
8, F, 78 4 y TKA left F2a T1 Extra small       
  
3 mo Femur component F2b Small posterior     
+ insert Kinemax stabilized
9, F, 70 4 y Unicompartmental F2a T2a Small     
medial right     
Table 1. Overview of Patients Treated With Impacted Bone Grafting in Revision Knee Arthroplasty
loaded at 3 months postoperatively. Follow-up ranged between 3 months and 4
years (mean, 1 year, 10 months). All implants were well fixed according to
clinical examination and radiographs. Radiographs showed no graft resorption,
no radiolucencies or radiolucent line formation, and no subsidence of the
implant (Fig. 4). All knees were fully loaded at follow-up examination. All knees
had a mobility of at least 90° flexion (range, 90°–130°) and full extension.
DISCUSSION
Based on good experiences with impacted cancellous bone grafts in revision
hip surgery using primary implants, we designed instruments to standardize a
similar technique for revision knee arthroplasty. This technique allows good
44
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 Bone Graft
 Insert
  Tibia Patella (mm) Femur Tibia
      Extra small No 21 2 femoral head 2 femoral head
 
     Large Medium 21 ½ femoral head ½ femoral head
   
    Large No 10 Autograft and allograft Autograft and allograft
 ½ femoral head ½ femoral head
     Small natural No 12 Autograft 1 femoral head
 
  Medium natural No 10 Autograft Autograft
 
   Medium natural No 15 Autograft Autograft
 
     Small No 18 ½ condyle block ½ condyle block
     Medium No 10 ½ femoral head ½ femoral head
     Extra small with No 15 ½ femoral head ½ femoral head
wedge lateral side
   Stayed in situ No 25 1 femoral head No
  
   Small No 15 Autograft and allograft Autograft and allograft
 (1/2 femoral head) (1/2 femoral head)
Note: The amount of bone loss has been classified according to the Anderson Orthopaedic Research Institute.
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fixation of the implants, while new bone formation occurs in the graft. The use
of morcellized graft has been described in revision knee arthroplasty with long
stem, cementless5,6 and cemented7,8 implants. The treatment of bone loss in the
femur and tibia using allogeneic morcellized bone has been described9. The
use of impacted cancellous autograft in primary total knee arthroplasty also has
been reported10. A longer press-fit modular tibia stem was used with cement
fixation of the baseplate.In primary cases, however, the bone quality is better
than in revision cases, in which often thin sclerotic bone is present. In
combination with the use of only autograft bone, this is a much more favorable
situation than in our revision cases using allograft (and autograft) bone. Also, in
these more favorable circumstances, long stems were used. The use of a long
stem that engages the diaphysis is based on the concept that tilting of the
45
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Patient No., Full Mobility
Sex, Age (y) Cast Loading (°)* Follow-up
1, F, 73 3 M 3 M 90/0/0 6 mo
2, M, 62 No Direct 100/0/0 6 mo
3, M, 87 No 3 M 90/0/0 1 y
4, 5, F, 78
L 6 W Direct 100/0/5 1 y
R No Direct 120/0/10 2 y
6, F, 77 No Direct 120/0/20 2 y
7, F, 82 6 W 3 M 120/0/5 2.5 y
8, F, 72 No 6 W 90/0/0 3.5 y
9, 10, F , 78
L 6 W 6 W 90/0/0 3 mo
R 6 W 3 M 130/0/5 4 y
11, F, 70 No 3 M 120/0/5 4 y
Table 2.  Clinical Data of Patients *Flexion/0/extension.  M, months; W, weeks; Y, years
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component is prevented, while the graft is loaded in compression. Often the
stem itself is not cemented, as described by Bertin et al11. We chose not to use
long stems, but rather cemented short stems. In this way, fixation of the implant
within the graft occurs with load transfer entirely around. This is comparable
with the revision technique developed for loosened hip implants.
The clinical and radiographic results are good. Based on the Knee Society
Roentgenographic Evaluation and Scoring System, no signs of loosening were
seen12,13. Also, no clinical or radiographic prodromes of failure as described by
Lonner et al14 were found. The developed instruments make it possible to
standardize the technique. The follow- up period of the presented study is short,
however, and definitive conclusions cannot be made. Based on these
encouraging experiences, we plan to extend our indications gradually to cases
with more bone loss. Then it might be necessary to rebuild segmental defects of
the distal femur or the proximal tibia (or both) with metal gauzes, as in revision
hip surgery. In one case (no. 1), we used this technique to rebuild the distal
femur. We believe that it is possible to use primary implants in cases with bone
loss with our standardized technique. A situation occurs comparable to the
situation after a primary total knee arthroplasty; this results in a better situation
for the future. This technique is relatively new; more patients with longer
follow-up periods are needed to draw more definitive conclusions.
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Figure 4. Radiograph before revision of an
infected total knee implant (A). A 2-stage
procedure was performed (B). Reimplantation
with impacted cancellous grafting of the knee
with the use of primary implants was
performed. Radiograph 2 years after the
operation (C).
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ABSTRACT
We reviewed the results of 71 revisions of the acetabular component in total
hip replacement, using impaction of bone allograft. The mean follow-up was
7.2 years (1.6 to 9.7). All patients were assessed according to the American
Academy of Orthopedic Surgeons (AAOS) classification of bone loss, the
amount of bone graft required, thickness of the graft layer, signs of graft
incorporation and use of augmentation.
A total of 20 acetabular components required re-revision for aseptic loosening,
giving an overall survival of 72% (95% CI, 54.4 to 80.5). Of these failures, 14
(70%) had an AAOS type III or IV bone defect. In the failed group, poor
radiological and histological graft incorporation was seen.
These results suggest that impaction allografting in acetabular revision with
severe bone defects may have poorer results than have previously been
reported.
52
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INTRODUCTION
The number of total hip replacements (THRs) requiring revision for aseptic
loosening continues to increase.1 The associated loss of bone stock, either in
the femur or in the acetabulum, presents a major challenge. Various techniques
have been described to manage this effectively, including large uncemented
acetabular components, reinforcement rings and cages, and structural bone
allografts2-4. These techniques provide a biomechanical solution to address the
loss of bone, but not all of them contribute to restoration of the bone stock.
Impacted morsellised allografts provide an effective and widely-accepted
method to restore bone stock and have shown good clinical and radiological
results5-9. However, some studies have reported problems with the technique as
applied to femoral bone loss10-12. 
The clinical results of impaction allografting at the acetabulum are generally
encouraging5,6,8,9,13,14, with favourable results extending into the mid- and
long-term5,6,8.  Comba et al13 reported a 95.8% (95% confidence interval (CI)
92.3 to 99.1) survival rate at 51.7 months after impaction grafting with
cemented acetabular components.
We have reviewed a consecutive series of 76 impaction allograft acetabular
revisions and studied the clinical, radiological and histological outcomes to
identify factors associated with failure of the reconstruction.
PATIENTS AND METHODS
Between February 1994 and March 2002, 76 impaction allograft reconstructions
of the acetabulum were performed on 73 patients. Pre- and post-operative
radiological and clinical data of 71 hips were available for review.
The mean follow-up was 7.2 years (1.6 to 9.7). The reason for primary revision
was aseptic loosening in 59 hips and septic loosening in 12. In all cases with
septic loosening, a twostage procedure was performed.
In 32 patients (45%) an isolated acetabular revision was undertaken, and in 39
(55%) both components were revised. The mean age of the patients at operation
was 69.1 years (32.8 to 91.4). All acetabular revisions were performed
according to the principles established by Schreurs et al5 and Slooff et al (6,14)
with Exeter X-change revision instrumentation (Stryker Howmedica Osteonics,
Allendale, New Jersey) via a posterolateral approach. Pre- and peri-operatively,
all patients were screened for infection using blood tests, bone scans and intra-
operative cultures. Two experienced surgeons (ICH and PIJMW) performed the
operations. Cemented polyethylene acetabular components (Stryker
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Figure 1. Kaplan-Meier survival curve showing the cumulative survival per year.
Howmedica Osteonics) were used. All grafts consisted of fresh frozen bone,
harvested, processed and stored at -80°C until required, in accordance with
existing bone bank protocols15,16. Before impaction the allograft bone was
thawed at room temperature and prepared by hand with a rongeur to produce
bone chips of approximately 0.7 cm to 1 cm in diameter. All cartilage was
removed first. The acetabular host bone was reamed until a bleeding bone bed
was created. If necessary, small drill holes were made for revascularization of
the host bone. The bone graft was forcefully impacted until a solid new bone
bed was created using Stryker impaction instrumentation (Stryker Howmedica
Osteonics). The acetabular components were cemented with Simplex cement
containing gentamicin (Stryker Howmedica Osteonics) using a pressurising
technique recommended by the manufacturer in order to produce a cement
mantle at least 2 mm thick. When necessary, segmental and/or cavitary defects
were reconstructed with metal meshes (Stryker Howmedica Osteonics) which
were secured to the pelvis with screws to contain the defects. The caudal rim of
the component was positioned at the level of the transverse ligament.
Post-operatively all patients remained on bed rest for five days, followed by a
three-month period of minimal weightbearing, after which full weight-bearing
was allowed in most cases.
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Based on the pre- and first post-operative radiograph and record of the
operation, the acetabular bone defects were classified according to the
American Academy of Orthopedic Surgeons (AAOS) classification17. Per-
operatively the amount of bone graft needed to restore the bone defects and the
use of augmentation was recorded.
The immediate post-operative and the most recent radiographs were used for
analysis. All radiographs were taken with the patient supine. The thickness of
the graft layer for each De Lee and Charnley zone18 was measured on the
radiograph and then corrected for magnification. To be able to describe the
thickness of the graft layer in more detail, the DeLee and Charnley zone II was
subdivided into four segments of equal size. For each segment separate
measurements were performed, with correction for magnification taken into
account by calibrating from the known acetabular diameter. Further
radiological analyses included inclination of the acetabular component, the
presence of radiolucent lines, and signs of graft incorporation or
trabecularisation. The inclination angle was measured from the acute angle
created by the intersection of a line drawn between both ischial tuberosities
and a line constructed through the apices of the radiological orientation ring of
the acetabular component. A radiolucent line of 2 mm or more was considered
indicative of loosening19 Graft incorporation, as a measure of bone
remodelling, was categorized from the most recent radiograph by applying the
method of Burssens et al20 as either complete incorporation, partial or early
incorporation, no incorporation, or indistinct. Graft incorporation was
considered certain when its radiodensity was equal to that of the host bone, and
trabecular bridging could be identified between the host and graft as described
by Conn et al21. Radiological analysis was performed by two authors (EHvH,
ICH) reaching a consensus. Failure was defined as the need for rerevision of the
acetabular component for any reason, except infection.
Statistical analyses were performed using Kaplan-Meier survival analysis with
95% CI. For comparisons within the groups, chi-squared tests and Student’s 
t-tests were used. A p-value of ≤ 0.05 was considered significant.
RESULTS
Of the 71 revised hips (68 patients), 25 (24 patients) needed to be re-revised
and were considered failures. In five hips the reason for the re-operation was
infection although none was from the original septic loosening group. These
patients were excluded from the analysis of failures, leaving 20 hips in the
failed group. Taking aseptic loosening as an end-point, the overall survival was
72% (95% CI, 54.4% to 80.5%) (51 of 71 hips) (Fig. 1). In seven hips re-revision
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Graft amount Failed Successful
(femoral heads) (n=20) (n=51)
1 7 (35%) 23 (45%)
2 12 (60%) 19 (37%)
3 1 (5%) 9 (18%)
Table 2. Number of femoral heads
(percentage) required for each acetabular
reconstruction.Orthopedic Surgeons (AAOS)
classifications for the failed and successful
groups (percentage).
Augmentation Failed Successful
(n=20) (n=51)
None 5 (25) 18 (35)
Medial wall mesh 0 (0) 4 (8)
Rim mesh 12 (60) 23 (45)
Medial wall and rim mesh3 (15) 6 (12)
Graft incorporation Failed Successful
(n=20) (n=51)
None 6 (30) 4 (8)
Partial 9 (45) 8 (16)
Complete 4 (20) 34 (66)
Indistinct 1 (5) 5 (10)
Zone Failed Successful
(n=20) (n=51)
I 1.57 1.39
II A 1.63 1.53
II B 1.49 1.26
II C 1.16 1.19
II D 1.04 1.08
III 1.36 1.07
Overall mean thickness 1.38* 1.25
Table 3. Mean thickness of graft layer (cm)
for each DeLee and Charnley zone for the
failed and successful groups.
* p=0.08 (student T-test)
Table 4. Use of augmentation to reconstruct
segmental or cavitary bone defects (%).
Table 5. Radiological graft incorporation
(percentage).
AAOS class Failed Successful
(n = 20) (n = 51)
I 4 (20%) 9 (18%)
II 2 (10%) 15 (29%)
III 9 (45%) 26 (51%)
IV 5 (25%)* 1 (2%)
Table 1. Distribution of American Academy
of Orthopedic Surgeons (AAOS)
classifications for the failed and successful
groups (percentage).
* chi square test, p=0.08
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was necessary within a year of the first operation. Of these, failure occurred in
two hips following trauma. In 12 hips the acetabular component failed between
one and five years after revision, and in one the failure was after seven years. A
total of 14 hips (70%) in the failed group had an AAOS type III or IV bone
defect, whereas in the successful group 27 (53%) had a type III or IV defect.
This difference was not significant (chi-squared test, p = 0.19). There were five
(25%) type IV defects in the failed group, whereas in the successful group there
was only one (chi-squared test, p = 0.08) (Table 1).
In the failed group seven hips (35%) needed one femoral head to reconstruct the
bone defects, in 12 (60%) two femoral heads were necessary and in one (5%)
three were used. In the successful group one femoral head was used for the
reconstruction in 23 hips (45%), in 19 (37%) two femoral heads were used, and
in nine (18%) three were used (Table 2). The overall mean thickness of the graft
layer as measured on the direct post-operative radiograph, broken down into the
DeLee and Charnley zones was, in both groups, greatest in zone IIA (failed, 1.63
cm; successful, 1.53 cm). The mean overall thickness of the graft layer in all
zones was higher in the failed group (1.38 cm vs 1.25 cm), although this
difference was not statistically significant (Student’s t-test, p = 0.08) (Table 3). 
The mean acetabular inclination angle was 45° (31° to 60°) in the failed group
and in the successful group 41° (22° to 65°). The use of rim meshes, or a
combination of rim and medial wall meshes, was more frequent in the failed
(15; 75%) than in the successful group (29; 57%) (Table 4).
On the latest post-operative radiograph good radiological graft incorporation
was seen in 66% of hips34 in the successful group, whereas in the failed group
only 20% (4) showed good graft incorporation. This difference was statistically
significant (chi-squared test, p < 0.001). In the failed group, 30% (6) showed no
graft incorporation, and in 45% (9) the graft incorporation was partial or early.
In the successful group, only 8% (4) showed no radiological evidence of graft
incorporation and 16% (8) had partial incorporation (Table 5).
In 13 of the hips (65%) who required a re-operation after failure of their
impaction graft reconstruction of the acetabulum, a biopsy of the impacted
bone bed was taken for histological analysis. Applying the classification of van
der Donk et al22, three groups of graft incorporation were identified: group 1
consisted of non-vascularised graft remnants, including fragments with dead
fibrous tissue; group 2 showed revascularisation and bone graft incorporation,
including fibrous tissue infiltration, dynamic bone resorption and new bone
apposition, in group 3 the graft incorporation was complete and a new lamellar
bone structure formed; group 4 consisted of biopsies showing only necrotic or
fibrous tissue.
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A total of 13 histological biopsies in 13 patients was available for analysis. Of
these, two biopsies (one at 9 weeks and one at 6 months) were categorised as
group 1 with non-vascularised graft remnants. Four biopsies were classified in
group 2 showing some evidence of revascularization and bone graft
incorporation at a mean follow-up of 10 months (1 month to 2 years). Four
biopsies were categorized in group 3 with complete incorporation at a mean
follow-up of 39.5 (20 months to 4.5 years), and six biopsies at a mean follow-
up of 42 months (2 years to 7 years) were allocated to group 4 with only
necrotic or fibrous tissue to find.
DISCUSSION
Impaction allografting of morsellised bone combined with cemented fixation of
primary implants is commonly used in revision hip surgery because it offers the
opportunity for regeneration of bone stock. Although initial studies have shown
good results5-9, other studies have identified potential problems with this
technique10,11,23-25. Most of the complications reported have been related to the
femoral component.
In this study we found a high rate of failure of impaction grafting for acetabular
revision. Of the 71 revisions available for review, 20 needed to be re-revised,
producing a survival rate of only 72%, (95% CI, 54.5 to 80.5) which is
considerably lower than in other series5-9.
Our series commenced with the introduction of the impaction grafting
technique in our hospital. As the technique is demanding, it might be
considered that the high rate of failure was due to lack of experience. However,
this cannot be the complete explanation because 11 of the 20 failures occurred
in patients operated on three years or more after the technique was introduced
in our clinic. Also, an experienced visiting surgeon from the Nijmegen group,
familiar with the technique, frequently assisted during the operation, thereby
ensuring proper application of the method.
The proportion of large, uncontained defects in our study is relatively high. In
the total group 49% (35) had an AAOS type III defect. Pelvic discontinuity
(AAOS type IV defects) was also significantly present in the failed group. It is
notable that 65% of the patients (23 hips) in the second half of the series had
an AAOS type III or IV defect, suggesting that there was an increasing
complexity in the bone defects referred for treatment and a broadening of the
indications for this technique over time.
58
Proefschrift van Haaren_proefschrift  26-08-11  15:38  Pagina 58
In a large proportion of our revisions (31 hips, 44%) two femoral heads were
necessary to reconstruct the bone defects, and in ten hips (14%) three femoral
heads were necessary. A direct comparison of our results with other studies is
difficult, owing to the lack of comparable data. Schreurs et al9 found a 94%
survival rate at 11.8 years. Although an AAOS classification of the bone defects
was given, the exact extent of the defects managed and the amount of bone
graft needed was not specified. Welten et al8 reported a 94% survival after 12.3
years. However, this study does not report the amount of bone graft inserted or
the use of metal meshes to contain the graft. In another study by Schreurs et al26
a 90% survival at eight years was achieved after acetabular revision in patients
with rheumatoid arthritis. In their study no correlation was found between the
extent of bone loss and the survival of the implants.
In femoral revision with impaction allografting, Pekkarinen et al25 reported a
high incidence of complications, mostly in patients with more severe defects.
They found that their series contained a higher proportion of more severe
defects than in the series described by Gie et al7. It was concluded that
impaction grafting revision of the femoral component in patients with large
defects carried a high complication rate and can only be useful as an adjunct
to other reinforcement techniques. Our acetabular results seem to reflect these
findings. Although the number of AAOS type III and IV defects was not
significantly higher in the failed group, there was a trend towards failure being
associated with more severe defects.
It is questionable whether a direct comparison can be made between failure
mechanisms in the femoral and acetabular components. However, we believe
that the underlying mechanism is the same, being primary micromovement
leading to mechanical instability and graft resorption22.
Unsurprisingly, graft incorporation was worst in the failed group: in only four of
the 13 histological biopsies was complete graft incorporation seen, and
radiological graft incorporation was significantly worse. This indicates that
successful graft incorporation is essential for survival of the construct. This view
was also put forward by van der Donk et al22, who found large necrotic areas
in long-term biopsies of failed impaction graft revisions.
Another possible explanation for the high failure rate in our series might be the
high prevalence of segmental acetabular defects, which is illustrated by the
frequent use of rim meshes, especially in the failed group (12; 60%, Table IV).
In these types of defect the absence of superior bony support leads to a large
amount of bone graft being placed at the most loaded area above the
acetabular component. Owing to insufficient support for the bone graft, it is
likely that micromovement of the prosthesis results in implant failure27.
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It is now recognised that large bone grafts that have been washed before
impaction may be preferable for optimal mechanical stability of the acetabular
component, because of an increase in shear strength of the impacted bone
graft28-30. None of our grafts were prepared in this way. Although this step might
have improved our results, it cannot be the only reason for the high failure rate.
We found a worryingly high rate of failure for cemented impaction grafting in
acetabular revision. This was associated with the extent of the bone defect, and
in particular the lack of bony support behind the graft in cases of large
segmental defects. Other studies also identified the size of the bone defect as a
major determinant of failure11,12,25. We conclude that in revisions with large
acetabular bone defects or pelvic discontinuity, the impaction grafting
technique carries with it a high risk of complications.
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ABSTRACT
Bones used in mechanical studies are frequently harvested from human
cadavers that have been embalmed in a buffered formaldehyde solution. It has
been reported that formaldehyde fixation or freezing hardly affects the
mechanical properties of bone after a storage period of several weeks.
However, human cadaver bones are usually stored for longer periods of time
before use. We therefore investigated the effects of long-term embalming or
freezing on the mechanical properties of cortical bone.
After 5 different storage periods (ranging from 0 to 12 months), goat femora and
humeri were used to evaluate the effect of embalming and freezing on torsion,
and on bending stiffness and strength. The effect on hardness and bone mineral
density (BMD) was also evaluated.
Even after 1 year, no statistically significant differences could be found in
stiffness, strength, and energy absorption when we compared embalmed or
frozen bones to a fresh reference group. In addition, although we found no
significant change in BMD, there appears to be a tendency to increasing
hardness.
We found that there was no effect on the mechanical properties of bone after
storage periods of 1 year. We conclude that embalmed or frozen bones can safely
be used for mechanical testing, at least for storage periods of up to one year.
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INTRODUCTION
Cadaver bones are widely used in studies investigating the mechanical behavior
and efficacy of orthopedic devices and trauma devices1. Given the difficulty in
obtaining a sufficient number of fresh bones (at least in Europe), the increasing
degree of complexity regarding logistics, and the risk of transmission of
pathogens to investigators working with fresh bones2-7, embalmed or frozen
bones are an attractive alternative. Cadaver bones also have advantages over
artificial bones, as the handling and the mechanical properties of cadaver
bones match reality in the best possible way, whereas composite bones differ in
some of their mechanical characteristics8.
Generally, bones are harvested from human cadavers that have been embalmed
in a buffered formaldehyde solution and stored for long periods of time before
use. Studies have already been performed to investigate the effects of
embalming or freezing on the mechanical properties of bones9-18. However, in
these studies the maximum storage time was 3 months, whereas cadaver
specimens are generally stored for much longer periods. We investigated the
long-term effects of embalming or freezing on the mechanical properties of
bone.
MATERIALS AND METHODS
Study design
30 mature Dutch milk goats were killed for studies unrelated to ours (a lumbar
spine fusion study, with no effects expected on bone metabolism or mechanical
properties). The femora and the humeri on both sides were harvested. Soft tissue
was left in situ, thereby preventing dehydration of the bones and mimicking the
normal storage conditions.
All left femora and humeri were allocated to the frozen group. These specimens
were stored in plastic bags at –20°C until testing. Before the mechanical tests
were performed, the specimens were thawed to room temperature. All right
femora and humeri were assigned to the embalmed group. Embalming was
performed by injecting the soft tissue under high pressure with a 10% buffered
formaldehyde solution, which is the standard solution in our institution. The
specimens were stored in container filled with this solution until testing. At 0,
1.5, 3, 6, and 12 months, mechanical tests were performed on the bones (6
goats per timepoint). The humeri were used for a torsion test, and the femora
were used for a 4-point bending test. During the tests, the specimens were kept
moist with gauze soaked in an isotonic saline solution. After the tests, rings of
cortical bone from the proximal part of the diaphysis of the humeri and femora
were used for hardness measurements.
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Figure 1: The 4-point bending device. The force (F) was applied with a cross-head speed of 
1 mm/min. The applied load (F) and the vertical displacement (d) were recorded online by the
Instron machine. The angular displacement was calculated by dividing the cotangent of the
vertical displacement (d) by the length of the lever arm (x = 43 mm). The bending moment was
calculated by multiplying half of the applied load by the length of the lever arm.
Directly after killing and before mechanical testing, a bone mineral density
(BMD) measurement was done (DEXA-scan, QDR-2000; Hologic Corporation,
Waltham, MA). All femora were measured in order to monitor any
demineralization of the bones.
Four-point bending
A previously described and validated 4-point bending method was used19. Both
ends of the femora were placed in cylindrical metal cups. The axis of the bone
was centered by positioning the condyles and the middle of the collum in the
center of the cups. Fixation took place by filling the cups with a low-melting-
point bismuth alloy (A301; Degussa, Wolfgang, Germany) (47ºC) in the liquid
state. The specimens were then placed in a material-testing device (Instron
8872; Instron Corporation, Canton, MA), which recorded the applied loads and
displacement online. The orientation of the bones in the testing device was
standardized. The 4-point bending test was performed by applying two equal
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Figure 3: Typical angular displacement vs.
moment curve from a torsion test. There is a
correlation between the slope of the
regression line (R) and the stiffness of the
bone. The area under the curve is a measure
of the energy absorption. The highest point of
the regression line represents the strength (St).
Figure 2: Schematic drawing of the torsion
device. Both ends of the specimen (Sp) were
placed in cylindrical cups, and the axes of the
bones were centered. The proximal part was
allowed to rotate in a suspension system, and
the distal part was rigidly fixed. Via an arm of
100 mm, an increasing load (F) was applied
perpendicular to the axis of the bones until
failure. The angle rotation was set at 
5 degrees/ min. During the test, the vertical
displacement (d) and the applied load were
recorded. The angular displacement was
calculated by dividing the cotangent of the
vertical displacement (d) by the length of the
lever arm (100 mm).
5
forces to the edges of the cups. To prevent tension in the axial direction of the
bones due to displacement, the cups were allowed to translate in the horizontal
plane under bending of the specimen (Figure 1). The load was applied with a
constant cross-head speed of 1 mm/min. The test was destructive, so the
ultimate bending moment as well as bending strength could be assessed.
Torsion
For the torsion tests, both ends of the humeri were placed in cylindrical cups,
the axis of the bones were centered identically as in the four-point bending test,
and the bones were fixed with the bismuth alloy. The humeri were placed in a
torsion-testing device, with the distal cylindrical cup rigidly fixed in the testing
device (Figure 2). The proximal part was allowed to rotate in a suspension
system. Via an arm of 100 mm, an increasing load was applied perpendicular
to the axis of the bones until failure. The angular velocity was set at 5 degrees
per min. During both the 4-point bending tests and torsion tests the specimens
were kept moist with gauze soaked in an isotonic saline solution.
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Figure 4: Results of the 4-point bending tests and torsion tests for the frozen group and the
embalmed group. For both groups, the average slope of the regression line of the plot between the
moment and angular displacement (N/degree) and the strength (Nm) are given. All values have
been corrected for BMD. The post hoc test between the reference group and the different time
groups did not show any significance. A: reference group; B: 1.5-month group; C: 3-month group;
D: 6-month group; E: 12-month group.
Processing of the test results
The stiffness of the bones was calculated from the vertical displacement and the
applied load recorded by the Instron. Angular displacement was calculated by
taking the cotangent of the vertical displacement divided by the length of the
lever arm (in 4-point bending 43 mm, and in torsion 100 mm). Torsion and
bending moments were calculated by multiplying the applied load by the
length of the lever arm. With the least-squares method, a regression line was
fitted to the linear part of the plot between the angular displacement and the
moment (Figure 3). The slope—the inclination of the regression line—is given
as a tangent. A slope of higher value means a higher material stiffness.
Bending strength (Sb) was calculated by multiplying half of the applied load (F)
by the distance between the point of suspension and the point of contact on the
edge of the cup (x = lever arm = 43 mm): Sb = 0.5 F · x.
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Figure 5: The ratios of the embalmed (E) and frozen (F) bones for both stiffness and strength in the
4-point bending and torsion tests. In the reference group, the ratio between values for left and
right bones is shown. For both types of test, no significant differences were found between the
embalmed and the frozen bones, or the left and right bones, in any of the groups. A: reference
group; B: 1.5-month group; C: 3-month group; D: 6-month group; E: 12-month group.
5
The torsion strength (St) was calculated by multiplying the applied load (F) by
the length of the lever arm (x = 100 mm): St = F · x.
The area under the curve between the angular displacement and the bending or
torsion moment is a measure of the energy absorption under deformation.
To correct for the individual variability between the bones, the BMD values
were used to correct the data from the torsion and the 4-point bending tests, by
dividing the slope and the strength values by the BMD.
Measurement of hardness
After the mechanical tests, rings of cortical bone were machined with a water-
cooled diamond saw (Exact, Norderstedt, Germany) at standardized points.
These rings were polished with progressive grades of silicon carbide paper and
finished with 9 mm diamond polisher slurry until the osteons were clearly
visible by microscopy. The samples were cleaned in an ultrasonic water bath,
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4-point bending Stiffness (N/degree) Strength (Nm)
Frozen Embalmed Frozen Embalmed
Reference group 55 (46 – 64) 266 (210 – 323)
1.5 months 44 (36 – 52) 51 (40 – 63) 258 (189 - 327) 277 (220 – 334)
3 months 51 (45 – 58) 51 (40 – 61) 275 (233 - 318) 267 (228 – 306)
6 months 48 (39 – 57) 53 (48 – 58) 262 (226 - 297) 283 (236 – 330)
12 months 52 (48 – 56) 54 (43 – 64) 261 (229 - 293) 272 (217 – 326)
Torsion Stiffness (N/degree) Strength (Nm)
Frozen Embalmed Frozen Embalmed
Reference group 11 (9.0 – 12) 105 (85 – 125)
1.5 months 11 (8.2 – 13) 11 (8.6 – 13) 97 (79 – 115) 112 (86 – 138)
3 months 11 (9.8 – 13) 13 (10 – 15) 114 (95 – 134) 116 (93 – 139)
6 months 8.7 (6.9 – 11) 9.6 (7.6 – 12) 93 (77 – 109) 98 (80 – 115)
12 months 12 (11 – 13) 13 (11 – 14) 118 (108 - 128) 112 (98 - 126)
Table 1: Results for the 4-point bending and torsion tests. All results have been corrected for bone
mineral density. Values in parenthesis are the 95% confidence intervals. Post hoc analysis did not
reveal any significant differences between the reference group and other time groups, or between
freezing and embalming.
and embedded exactly horizontally with a specially designed press. A Vickers
automatic hardness measurement device (Buehler 1600-6400; Bluehler, Lake
Bluff, IL) was used to perform 6 measurements on each specimen. Indentations
were made randomly with a diamond indenter and an indent weight of 50 g20.
Ominimet MHT software (Bluehler, Lake Bluff, IL) was used to analyze the
indentations.
Statistics
To analyze data between time groups, ANOVA tests, with an LSD-post hoc test,
were performed. To analyze differences between the embalmed and frozen
bones within one time group, paired Student t-tests were used. Significance was
set at p-values of < 0.05.
RESULTS
In the 4-point bending tests, no statistically significant differences in stiffness
were found between the reference group and the different time groups for both
the frozen and embalmed bones. In addition, the differences in bending
strength between the different time groups and the reference group were not
statistically significant (Figure 4 and Table 1). When comparing the test results
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Figure 6: Hardness of the humeri and femora in the time groups. The femora of the 12-month
frozen group were harder than in the reference group (a p = 0.007); no significant differences
were seen for the embalmed bones (p = 0.06). No significant difference was found in any of the
other groups in comparison with the reference group, although the 12-month frozen and 12-
month embalmed groups for the humeri were almost statistically significantly harder (p = 0.07
and 0.07, respectively). A: reference group; B: frozen group; C: embalmed group.
5
for the embalmed bones with those for the frozen bones within one time group,
no difference could be found in either stiffness or bending strength in any of the
time groups (Figure 5 and Table 1).
In the torsion tests also, no statistically significant differences in stiffness and
strength could be found for both the frozen and the embalmed bones, when
comparing the reference group to all other time groups (Figure 4 and Table).
Furthermore, comparison of the embalmed bones with the frozen bones for any
particular time group did not reveal any statistically significant differences in
stiffness or bending strength in any of the time groups (Figure 5 and Table 1).
In the reference group, the stiffness in the 4-point bending tests of the left bones
and the right bones was 53 degrees/N and 57 degrees/N, respectively. The
strength of the left bones and the right bones was 260 N and 272 N,
respectively. Neither parameter was statistically significant (Student’s t-test, 
p = 0.6 and 0.7). In addition, no left-right differences were found in stiffness or
in strength for the torsion tests (p = 0.2 and 0.5).
No differences could be found in energy absorption values during bending and
torsion for all the groups, except for an increase in torsion in the 3-month
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frozen group (p = 0.04). The average BMD of the reference group was 0.76 (SD
0.13) g/cm2. No statistically significant differences were found between the
reference group and all other time groups. Also, no significant differences were
found when comparing the BMD values before and after the follow-up periods
within one group (paired Student t-tests; p-values between 0.07 and 0.9).
The average hardness of femora in the reference group was 68 (SD 7.9) Vickers,
and 63 (SD 4.4) Vickers for humeri in the reference group. No significant
difference was found between the average hardness of both femora and humeri
in the reference group and the 1.5-, 3-, and 6-month groups. With an average
hardness of 80 (SD 6.8) Vickers, femora in the 12-month frozen group had
greater hardness than those in the reference group (p = 0.007). For femora in
the 12-month embalmed group and for humeri in the 12-month embalmed and
frozen groups, significance was not reached (p = 0.06, 0.07, and 0.07,
respectively) (Figure 6).
DISCUSSION
Several studies have already evaluated the effect of different storage methods on
the mechanical properties of bone9,11,13 - 17,21, but the maximum storage time in
these studies was 3 months. Cadaver bodies are generally stored for 1 year or
more after they are embalmed. It is quite possible that the effect of the
embalming fluid on the mechanical properties of bone becomes effective after
longer storage periods. As little is known about the long-term effects of
embalming or freezing, and since it is important that the mechanical properties
of these bones should closely reflect the in vivo situation, we have evaluated
the mechanical effects of long-term preservation of cortical bone by embalming
and freezing.
Embalming took place by injecting the soft tissue with embalming solution
under high pressure; the specimens were then placed in containers with
embalming solution. This is somewhat different from the procedure of fixing
human cadavers, as in that case the embalming solution is injected into the
vascular system of the cadavers. Thus, it can be expected that a higher
penetration rate of embalming fluid in the bones would be reached. However,
by injecting the soft tissue under high pressure and placing the specimens in a
container with embalming fluid, fast diffusion of embalming fluid in the bone
can also be expected.
We used standardized, destructive 4-point bending and torsion tests to evaluate
the effects of embalming and freezing on the mechanical properties of long
bones. The mechanical tests were performed after 4 different storage periods,
74
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with a maximum follow-up of one year. Thus, the time-dependent changes in
stiffness and strength could be followed within the course of one year, and it
showed that neither stiffness nor strength in torsion and bending were
influenced by freezing or embalming over this period.
In each time group, the embalmed bone had a paired frozen counterpart from
the same goat. At all time points, we could therefore make a paired comparison
between the embalmed and the frozen bones. This comparison did not reveal
statistically significant differences for any test at any time point. Thus, neither
embalming nor freezing had any influence on the mechanical properties of
cortical bone over time, and there was no difference in the direct comparison
between embalmed and frozen bones at each time point.
In this observational study, a power analysis could not been done. Although we
had a rather small number of goats per time group (n = 6), the 95% confidence
intervals showed an acceptable distribution of the results. We therefore consider
our results to be reproducible and valid. 
The left and right bones were not randomly allocated to the frozen and
embalmed groups, because we did not expect left-right differences based on
findings in the literature19,22. This was confirmed, as no significant left-right
differences for bending and torsion were found in the reference group.
No statistically significant difference was found between the BMD directly after
killing and after embalming or freezing for each time interval. These results
indicate that the mineral content is not affected by embalming or freezing. This
is in agreement with reports by Boskey et al.23 and Lochmüller et al.24, who
found no effect of formaldehyde fixation on the mineral parameters of bone. As
there is a correlation between BMD and the mechanical properties of bone 
(25 - 28), BMD was used to correct for the individual variability between bones.
The hardness measurements on the femora revealed a statistically significant
increase in hardness in bones that were frozen for 12 months relative to the
reference group, whereas no statistically significant differences could be found
between the other groups. Although the average degrees of hardness of the
femora that were embalmed for 12 months and of humeri that had been
embalmed or frozen for 12 months were not statistically different from their
reference group, the average hardness was relatively high.
Our finding that freezing does not alter the mechanical properties of bone is in
agreement with the findings of other authors10,11,12,14,18,29. Investigations on the
effects of embalming on the mechanical properties of bone found no or little
75
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effect after short to intermediate storage periods. Currey et al.16 used a brief 
(3-hour) fixation protocol and found almost no effect in loading tests, but a
significant reduction in impact strength. Sedlin10 reported that the tensile elastic
modulus of human femoral cortical bone following three weeks of fixation in
10% formalin was the same as for fresh specimens. Goh et al.14 investigated the
effects of freezing and formaldehyde fixation for 3 and 21 days on the
mechanical properties of cat bones. Torsion and bending stiffness, and ultimate
strength, were not found to be affected by formaldehyde fixation or freezing,
whereas storage in formalin reduced the energy absorption value during torsion
by 40%, and during bending by 50%. This contrasts with our findings, as we
did not find any statistically significant changes in energy absorption values.
Only the energy absorption in the three-month frozen group was significantly
increased. As this is an isolated finding, not supported by any increase in energy
absorption in the 6- and 12-month groups or by any change in mineral density,
we interpret this as a coincidence. There was a high portion of relatively small
animals in the study by Goh et al.14, which might explain their findings.
We conclude that bones used for studies on the mechanical behavior of
orthopedic and trauma devices can be preserved by formaldehyde fixation or
freezing for up to 1 year without any ill effect.
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ABSTRACT
Impacted morselized allografts are used to treat bone loss in revision surgery.
This technique depends on adequate mechanical support of the graft. Metal
support devices function well, but there are disadvantages associated with the
use of steel meshes. In this cadaveric, surgical simulation model we
investigated the surgical and mechanical suitability of a bioresorbable molding
mesh for use in impaction grafting revision surgery. Surgical feasibility was
assessed, and mechanical deformation of the mesh during the surgical
procedure and postoperative cyclic loading of the specimens were measured
with strain gauges. All meshes were surgically usable.
The exterior surface deformation of the meshes during the surgical procedure
and postoperative mechanical loading did not exceed 4500 mm/m, although
the meshes were not damaged in a four-point bending test in which
deformations higher than 19,000 mm/m were reached. Therefore, results of this
study suggest that this type of bioresorbable mesh seems to have sufficient
initial mechanical properties to warrant additional preclinical in vivo study.
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INTRODUCTION
The rate of revision hip surgery has increased because of the increased rate of
loosened total hip prostheses19, but the major problem in revision hip surgery
has consistently been loss of bone stock. To reconstruct bone defects, impacted
morselized allografts have been used with good results14,23. Good results are
dependent on adequate mechanical support of the graft during the impaction
procedure. Therefore, metal support devices (meshes) are used as a mold for the
bone graft in case of segmental defects13. Metal meshes function well
mechanically and clinically, but potential disadvantages are the eclipse of the
bone remodeling process as seen on radiographs26, stress shielding, and, if an
infection of the implant develops or a rerevision is needed, an extra foreign
body is implanted. Stainless steel wire meshes also negatively influence the
bone remodeling process24. Most of these disadvantages can be avoided by
using bioresorbable meshes.
Numerous bioresorbable polymer devices are available as alternatives to metal
implants17,18 among which are the terpolymer poly L-lactic acid (PLLA), poly
D-lactic acid (PDLA), and polyglycolic acid (PGA) implants. These
bioresorbable polymers have good biocompatibility and are used in different
medical fields2,25 but not in impaction bone grafting. Because molded meshes
lose their function after remodeling of the bone graft, they can be made of a
resorbable material. During the surgical procedure, high-impaction forces are
applied to the graft, creating a dense allograft bone bed where new bone
formation can occur27. Force readings during the impaction procedure indicate
maximum forces in the hammer of as much as 17 kN. Measurements show that,
because of inertia of the hammer handle, approximately 29% (5 kN) of this
force reaches the graft. Part of this force is transported to the meshes. Before
bioresorbable meshes can be used in a clinical protocol, mechanical tests must
be done to assess whether the meshes can withstand these forces. In our study,
deformation of the meshes was measured during the impaction procedure and
postoperative loading of the construct and then compared with the deformation
in a nondestructive four-point bending test. Also, surgical handling of the
meshes was evaluated in a human cadaver model. The purpose of our study
was to assess the surgical feasibility of bioresorbable molding meshes, and to
evaluate whether the initial mechanical properties of bioresorbable meshes are
sufficient to use them for reconstructing segmental bone defects during
impaction grafting revision surgery.
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MATERIALS AND METHODS
Six fixated femora were harvested from three human cadavers. The resorbable
meshes (Stryker Howmedica Osteonics Inc, Allendale, NJ) were 55 × 55 × 0.8
mm and made of a terpolymer consisting of 85% PLLA, 5% PDLA, and 10%
PGA. Two small unidirectional strain gauges (Type 0.6/120 LY 13, Hottinger
Baldwin Messtechnik GmbH, Darmstadt, Germany), attached with X60 glue
(Hottinger Baldwin Messtechnik GmbH), were used for each mesh. Strain
gauges were isolated with NG 150 (Hottinger Baldwin Messtechnik GmbH)
isolation solution. A signal amplifier (MGC Plus, Hottinger Baldwin
Messtechnik GmbH) with a measurement frequency of 9600 Hz was used to
record measurements.
Bone graft was obtained from the bone bank at our institution and was
processed according to the standards of the European Association for Musculo-
skeletal Transplantation12 and the American Association of Tissue Banks1.
Before impaction, the graft was morselized with a bone mill (Stryker
Howmedica Osteonics Inc) into chips approximately 4 × 4 mm.
Standard revision materials, according to the X-change technique (Stryker
Howmedica Osteonics Inc), were used for the operations in vitro.
A femoral osteotomy was done 1.5 cm proximal from the minor trochanter. The
femoral canals were cleaned until all cancellous bone was removed, as in a
revision procedure. A 5 × 5-cm calcar defect (Paprosky Class III) was created
(Fig 1A)21. The surgical procedures were done according to the X-change
revision technique (Stryker Howmedica Osteonics Inc). A femur plug was
positioned at a depth of 20 cm from the major trochanter, and a central guide
wire was attached to the plug, followed by impaction bone grafting from distal
to proximal until the experimental defect. Then the meshes were heated to
70°C in a water bath for approximately 10 seconds, bent to match the contours
of the defect, and attached to the bone with 1.2-mm stainless steel cerclage
wires.
To place the strain gauges at the appropriate levels on the meshes, a symmetric
finite element model of the strain distribution over the meshes under loading in
the femoral model and in the four-point bending test was made. In this model
the highest strain in the mesh was between the two holes closest to the cerclage
wires. Based on this, two strain gauges per mesh were placed in a standardized
position between the two holes closest to one of the cerclage wires (Fig 1B). The
first strain gauge was positioned in the axial plane and the second strain gauge
was positioned in the transversal plane. The strain gauges were isolated using
the isolation solution and connected to the measurement amplifier, integrated
in a three-wire half bridge.
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Impaction forces and number of impacts were measured by a standard
impaction hammer that did force readings during surgery with a piezoelectric
load washer mounted at the distal end of the sling rod. The load sensor was
connected through a charge amplifier to a recorder. 
After the impaction procedure was finished, an Exeter polished stem (Stryker
Howmedica Osteonics Inc) was cemented in the impacted bone bed with
Simplex bone cement (Stryker Howmedica Osteonics Inc) using a pressurized
cementing technique. The same size implant was used at both sides. The
meshes were inspected grossly for failure of the material.
After surgery, the distal ends of the femora were embedded in such a way that
the center of the femoral head was positioned above the center of the knee,
simulating the physiologic valgus position of the femur. The femora then were
placed in a hydraulic material testing device (Instron 8872, Instron Corporation,
Canton, MA) and loaded under a compressive sinusoidal force (400–800 N;
400–1,200 N; 400–2,000 N) for 10,000 cycles at each load. The peak-to-peak
magnitude of the load was 1, 1.5, and 2 times body weight, respectively, with
a minimum of 0.5 body weight. The load to the 28-mm head of the stem was
applied through a flat element, therefore allowing for horizontal shift of the
femoral head under bending of the specimen. The loading frequency was 6 Hz.
The load was directed in the line through the femoral head and the center of the
knee. The specimen was kept moist at room temperature with gauzes soaked in
0.9% NaCl water, preventing dehydration. During the tests, the subsidence of
the stem in the specimen was measured with the hydraulic material testing
device. The elastic deformation of the femur and the prosthesis, defined as the
quantity of recovery between each test run, was excluded in the total amount
of subsidence. During all test runs the deformation in the meshes was measured
by the strain gauges.
The material properties of six intact, flat meshes were measured with a custom-
made four-point bending test. A four-point bending test was used because a
constant moment could be applied over an extensive part of the mesh. The
cross-head load was increased in steps of an average of 4.8 N, resulting in a
bending moment of 26.4 N/mm per step. After every step, maximum local
deformations were measured with two strain gauges, positioned in the center of
the mesh because, based on the finite element model, the largest strains were
expected in this area.
To objectify the bone mineral density (BMD), DEXA scans (QDR-2000, Hologic
Inc., Bedford, MA), using an array left and right hip protocol, were made of all
the femura before surgery to assess if a possible failure could be explained by a
low BMD.
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Figure 1 A–B: (A) A standardized segmental
bone defect created in the proximal femur
and (B) a mesh molded around a bone defect
are shown
Anteroposterior and lateral plain radiographs were made before preparation of
the femur, after application of the meshes and the impaction procedure, after
implantation of the prosthesis, after cyclic loading, and after the final
compression test. Plain photographs of the meshes were taken before and after
impaction, before and after cyclic loading, and after the final compression test
to document the failure mechanism.
Statistical analysis was done using a paired, two-tailed Student’s test for all
groups. Significance was set at p ≤ 0.05.
RESULTS
After heating to 70°C, all meshes could be easily molded to the contour of the
bone defects. However, because of the limited size of the meshes it sometimes
was difficult to surround the total circumference of the defect, although all
defects could be covered. After the surgical procedure all meshes were
inspected for gross failure. Macroscopically, none of the meshes showed any
damage.
The maximum deformation in the meshes during the surgical procedure was
4369.0 mm/m. The mean positive deformation in the first strain gauge was
2535.8 mm/m, and 2856.0 mm/m in the second strain gauge (Table 1). The mean
negative deformation was −2085.1 mm/m in the first strain gauge and –1929.2
mm/m in the second strain gauge.
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Bone Number Strain 1 Strain 2
(mm/m) (mm/m)
1 -1052.9 2313.0
2 3090.1 -1244.9
3 277.7 -1688.3
4 -3117.2 3723.6
5 4369.0 -2854.5
6 2406.3 2531.5
Average 995.6 463.4
SD 2806.7 2716.0
SEM 1145.8 1108.8
Minimum -3117.2 -2854.5
Maximum 4369.0 3723.6
Bone Load Cycle Strain 1 Strain 2
Number (N) (mm/m) (mm/m)
1 400–800 -317.2 765.4
400–1,200 -430.7 922.5
400–2,000 -498.3 3868.9
2 400–800 292.6 -112.3
400–1,200 651.7 -164.1
400–2,000 2232.7 -226.1
3 400–800 874.4 -123.6
400–1,200 1305.6 -180.9
400–2,000 4368.9 -374.3
4 400–800 423.5 1087.8
400–1,200 818.9 1942.9
400–2,000 1304.7 4350.1
5 400–800 334.9 702.1
400–1,200 488.2 1041.1
400–2,000 742.5 2334.8
6 400–800 391.2 266.3
400–1,200 401.7 244.8
400–2,000 1600.9 427.9
Average 832.5 931.9
SD 1123.0 1377.9
SEM 264.7 324.8
Minimum -498.3 -374.3
Maximum 4368.9 4350.1
Table 1. Maximum Deformation (mm/m)
During Impaction Procedure
Table 2. Maximum Deformation (mm/m)
During Cyclic Loading
During postoperative mechanical loading, maximum positive deformation was
4368.9 mm/m, which is in the same range as the maximum deformation during
the impaction procedure. Maximum negative deformation (ie, minimum
deformation) during the mechanical loading was −498.3 mm/m. This is much
less than the maximum negative deformation encountered during the impaction
procedure (−3117.2 mm/m) (Table 2). The average subsidence of the prosthesis
after the three loading runs was 4.02 mm. A high variation in subsidence was
seen. The maximum subsidence was 7.13 mm and the minimum was 1.71 mm.
This also is indicated by the high standard deviation (2.34) of the average
subsidence (Table 3). The high subsidence could not be explained by a low
bone density (range, 0.746–1.018 g/cm2). The subsidence and the deformation
in the meshes were linearly correlated. High subsidence results in a high
6
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deformation in the mesh (Fig 2). Even at subsidence rates greater than 7 mm,
the maximum deformation did not exceed 4500 mm/m.
None of the meshes failed during the four-point bending tests, although the
maximum deformation encountered exceeded 19,000 mm/m. The meshes were
very flexible. At a load of 30 N or more, bulging of the meshes in the testing
device was the restrictive factor to increase the load additionally (Fig 3A–C). All
meshes returned to their original form when the load was decreased to 0 
(Fig 3A–C). In Figure 4, a second-order polymer is shown fitted to the points of
average strain. With an exterior surface strain greater than 19,000 mm/m the
meshes stay in their plastic field, and failure does not occur.
There was no difference (p = 0.14) between the impaction force before and
after application of the meshes (15.7 kN and 3.7 kN, respectively; Table 4). The
average number of impacts before application of the meshes was 173, and after
application of the meshes the average number of impacts was 70. The number
of impacts after application of the meshes was less (p = 0.003) than before
application of the meshes.
DISCUSSION
Metal meshes are used as a mold for the bone graft when there is segmental
bone loss in revision hip surgery. However, there are some important
Figure 2: The relationship between
subsidence and deformation in the mesh
shows that even at high subsidence rates the
maximum deformation did not exceed 4500
mm/m.
Table 3. Subsidence (mm) During Mechanical Tests
Bone Number
Load (N) 1 2 3 4 5 6 Average (SD)
400–800 0.39 0.31 0.64 0.71 0.26 0.41 0.45 (0.18)
400–1,200 0.98 0.30 1.31 1.29 0.44 0.40 0.79 (0.46)
400–2,000 4.34 1.10 5.18 3.40 1.33 1.33 2.78 (1.77)
Total 5.17 1.71 7.13 5.40 2.03 2.14 4.02 (2.34)
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Figure 3 A–C: The mesh (A) before, (B) during,
and (C) after the four-point bending test, with
strain gauges in the center of the mesh, is
shown; no damage is seen after mechanical
testing.
A
C
B
6
disadvantages associated with the use of metal meshes, which can be avoided
using bioresorbable meshes. Before bioresorbable meshes can be used in
clinical practice, it is necessary to evaluate their suitability for this application.
We used bioresorbable meshes to reconstruct the bone contour in an impaction
grafting procedure on cadaver bones. Surgical feasibility was assessed, and the
deformation in the meshes encountered during the surgical procedure and
postoperative mechanical loading were compared with the deformation in a
four-point bending test.
As this was an in vitro study, the influence of degradation on the mechanical
properties could not be assessed. However, the degradation profile of these
polylactic acids has been well evaluated10,11,16. Eighty percent of the initial
strength of the polylactic acids was retained during a 3-month implantation
period(16). In a high load-bearing situation, the material remained intact after 6
months of implantation (30) In vitro studies by the manufacturer of this specific
polymer showed that 75% of the initial tensile strength and 70% of the initial
bending strength was retained after 26 weeks. Therefore, we think that the
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Figure 4: The strain in the bioresorbable mesh, as a function of the applied load during four-point
bending, indicates a nonlinear material behavior. With an exterior surface strain greater than
19,000 mm/m (four times exceeding the strains encountered during the surgical procedure and
postoperative loading), the meshes stay in their elastic field and failure does not occur.
Measurement Before Mesh After Mesh
Application Application
Average number of impacts 173 70
Average impact force (kN) 15.7 13.7
SD of impaction force 1.6 2.9
Table 4. Impaction Forces and Number of
Impacts
mechanical properties will stay intact long enough for bone remodeling to take
place; however, this has to be assessed under load-bearing circumstances in an
in vivo study. For the current study, in vitro circumstances were preferable
because the mechanical conditions could be conscientiously controlled. An in
vivo study should be done to investigate possible tissue reactions during the
resorption phases, because these could be a possible disadvantage of the use of
bioresorbable materials5,6,20. Long-term follow-up studies, however, have
shown good biocompatibility of these materials2,3,8,28.
In the current study, the postoperative mechanical loading of the construct was
mono-axial, and thereby different from the physiologic situation as rotational
components were left out. However, the maximum load of 2,000 N (more than
two times body weight) during cyclic loading is considerable for a femur that
has recently been operated on. The in vivo measurements of Bergmann et al4
indicate that 11–31 months after implantation the load for the average patient
to the hip is approximately 250% body weight during walking and stair
climbing. Also, the absence of muscle compensation in the current study results
in high forces to the femura9. Therefore, it can be assumed that the forces
applied during our study are in the same range as in vivo.
The use of bioresorbable meshes over metal meshes has some important
advantages. Bioresorbable meshes are invisible on standard radiologic images;
therefore the bone remodeling process can be observed8,26. Because of their
low stiffness, stress shielding is less of a problem, which can benefit the bone
remodeling process. This was seen in a lumbar interbody fusion model,
comparing PLLA and titanium cages of the same design29. An increased rate of
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interbody fusion was observed in the PLLA cages compared with the titanium
cages. Certainly, a lumbar interbody-fusion model cannot be compared directly
with an impaction grafting model, but an equal positive contribution of
bioresorbable meshes can be expected in impaction bone grafting. In addition,
with time the meshes are resorbed, leaving the newly formed bone bed fully
loaded. Also, stainless steel wire meshes have negative biologic consequences.
In a rabbit model, predominant bone resorption was seen in bone defects
treated with impacted allografts contained in a stainless steel wire mesh cage24.
To overcome this problem, it can be advantageous to use bioresorbable
products. After resorption of the material the bone graft is left in full contact
with the host bone. Another advantage of bioresorbable meshes is that if
rerevision is necessary, no remnant metal has to be removed, therefore,
additional damage to the bone stock and soft tissues is prevented8. Finally,
bioresorbable devices can function as carriers for different growth factors, so that
the process of new bone formation can be stimulated biochemically7,15,22,31.
All bioresorbable meshes survived the surgical procedure. Because of the
limited size of the meshes and the considerable size of the defects (Paprosky
Class III), the margins at the edges of the defects were small. This had no
consequences for this study, but in clinical practice it would be more
convenient to use meshes with bigger dimensions for these types of defects. The
maximum deformation of the meshes during the impaction procedure was four
times less than the maximum deformation in the fourpoint bending test. The
low standard deviation of the impaction forces indicates a low variation in
applied forces, which therefore are reproducible. In addition, the absence of a
difference in impaction forces before and after application of the meshes shows
that the operating surgeon did not decrease the amount of impaction force after
application of the meshes. The number of impacts after application of the
meshes is less than before application of the meshes, because the main part of
the impaction is done from the plug to the proximal defect, where the meshes
are applied. Therefore, the total amount of energy applied to the meshes is
limited.
None of the meshes failed during the bending test, although bending was
substantial. We think that the meshes can withstand even higher deformation
before they fail. Even at high bending the deformation remained elastic,
allowing all meshes to return to their original shape after the load was removed.
During the impaction procedure, negative deformation was measured. This
negative deformation can be explained by the interaction of the aligning parts
of the mesh, resulting in negative deformation when surrounding parts bulge.
Because of the mixture of positive and negative values, high standard deviation
and standard error indicate a high variation, and the low average can be
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explained. Therefore, the maximum and minimum values are more important.
These show that during the impaction procedure of all six meshes, never more
than 4400 mm/m were applied to the meshes.
During cyclic loading, three stems subsided considerably. Nevertheless, the
maximum deformation in these meshes did not approach the deformation the
meshes can withstand. The relative low deformation in the meshes during the
mechanical testing, even in specimens with high subsidence of the stems,
shows that the meshes do not participate much in stabilizing the stem.
Therefore, the meshes are needed solely for containment of the graft.
Our study showed that deformation in bioresorbable meshes, used to restore
the bone contour during impaction grafting, does not approach the maximum
deformation that the meshes can withstand. Therefore, from the biomechanical
point of view, this type of bioresorbable mesh can be used safely during
impaction grafting and loading of the stem postoperatively. However, the
mechanical properties of the mesh change during the resorption process.
Research is needed to investigate whether mechanical properties will stay intact
long enough for remodeling to occur.
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ABSTRACT
Impacted morsellised allografts have been used successfully to address the
problem of poor bone stock in revision surgery. However, there are concerns
about the transmission of pathogens, the high cost and the shortage of supply of
donor bone. Bone-graft extenders, such as tricalcium phosphate (TCP) and
hydroxyapatite (HA), have been developed to minimise the use of donor bone.
In a human cadaver model we have evaluated the surgical and mechanical
feasibility of a TCP/HA bone-graft extender during impaction grafting revision
surgery.
A TCP/HA allograft mix increased the risk of producing a fissure in the femur
during the impaction procedure, but provided a higher initial mechanical
stability when compared with bone graft alone. The implications of the use of
this type of graft extender in impaction grafting revision surgery are discussed.
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INTRODUCTION
The increasing number of revision operations which are undertaken can be
attributed to an increase in primary cases and the higher life expectancy of the
patients.1 A major challenge in revision surgery is poor bone stock which has
been addressed successfully by the use of morsellised bone allografts2-7.
However, the risk of transmission of pathogens, 8 the high costs, and the shortage
of supply9,10 cause concern. Galea, Kopman and Graham11 estimated that the
demand for bone graft has already exceeded the supply in the United Kingdom.
Bone-graft extenders have been developed to reduce the need for donor bone.
Tricalcium phosphate (TCP) and hydroxyapatite (HA) have proven
biocompatibility and the ability to act as an osteoconductive material12-14. These
materials are best combined with donor bone in a weight relation of 50:50 thus
reducing the required amount of donor bone by half15,16.
Border et al17 used an artificial acetabular model to evaluate the mechanical
stability after reconstruction of the acetabular defect with bone graft and
TCP/HA mixes. In this study a higher initial stability was obtained with a 50:50
mixture of bone graft and TCP/HA a compared with bone graft alone. The cups
in the TCP/HA allograft mix group displaced 0.87 mm after 15 minutes of
dynamic loading at 3,000 N, whereas a displacement of 1.35 mm was seen in
the allograft group17. This mixture has not been tested in the femur. Our aim
therefore was to compare a 50:50 mixture of allograft and TCP/HA with 100%
allograft in a simulated revision of a total hip arthroplasty (THA) using human
femora. We evaluated the behaviour of the two materials during impaction
grafting and also the immediate post-operative mechanical stability.
MATERIALS AND METHODS
We used 14 femora from seven human cadavers. All the femora underwent the
same preparation to simulate the state of segmental bone loss encountered
during a revision THA. This involved performing an osteotomy through the neck
as in a primary case, followed by removal of all cancellous bone. The right
femora were designated to the experimental group and were grafted with equal
amounts of TCP/HA bone-graft extender and donor bone. The left femora served
as controls and were grafted with 100% human allograft bone. The TCP/HA
bone-graft extender (BoneSave; Stryker Howmedica Osteonics Inc, Allendale,
New Jersey) had a particle size of 2.0 to 4.0 mm, a pore size of 400 to 600 µm,
and interconnectivity pore size < 100 µm and a porosity of 50%.
Before usage, fresh-frozen donor bone, obtained from the bone bank of the
Department of Orthopaedics of the Vrije Universiteit Medical Centre and stored
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Figure 1: Apparatus for mechanical testing of
the femora.
Cadaver No 100% graft TCP/HA mix
1 88.3 78.6
2 62.9 52.1
3 67.3 62.6
4 65.1 64.8
5 74.5 76.4
6 77.3 76.2
7 90.6 84.5
Table 1: The amount of graft used in the
control (100% graft) and TCP/HA mix
groups.
at -80°C for at least six months, was morsellised into chips of approximately 
4 mm with a bone mill (Stryker Howmedica Osteonics Inc). Standard materials
were used to perform the operations in vitro consisting of a bone plug, a central
guide wire, Simplex bone cement (Stryker Howmedica Osteonics Inc) and
Exeter stems (Stryker Howmedica Osteonics Inc).
Operative procedure
A procedure was performed on all prepared femora according to the Exeter 
X-change technique (Stryker Howmedica Osteonics Inc). First, using the guide-
wire, a femoral plug was inserted and placed at a standardised depth of 20 cm
from the greater trochanter. The graft materials were impacted into the femora.
Finally, femoral stems of appropriate size were cemented into the femora, with
stems of equal size being inserted into each pair.
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During the impaction procedure the impaction force and the number of strikes
were measured with a specifically modified sliding hammer as developed by one
of the authors (KP). Separate measurements were taken for both the distal and
proximal impaction procedures which were distinguished by the changeover
from distal to proximal impactors. The measurement frequency was 200 kHz.
Mechanical testing
After the operative procedure, the distal ends of all the femora were embedded
in bismuth with the artificial head positioned precisely above the centre of the
knee. In order to test mechanical stability, the femora were placed in a hydraulic
materials testing device (Instron 8872; Instron Corporation, Canton,
Massachusetts) and loaded under a compressive sinusoidal force of 400 to 
2,000 N. This load was applied via a flat plate, allowing a horizontal shift of the
femoral head under bending of the specimen (Fig. 1). The loading frequency was
6 Hz and all specimens underwent a total of 50,000 cycles. There was a pause
after 1,000 and 10,000 cycles for a rest period of five minutes. These rest periods
were used to quantify total deformation and the component elastic and plastic
deformation. Elastic deformation was defined as the amount of recovery during
the rest period. By subtracting the elastic deformation from the total deformation,
the plastic deformation, also referred to as subsidence, was calculated.
Imaging
Radiographs were taken before and after preparation of the femur, after the
surgical procedure and after cyclic loading. Plain photographs of the femora
were taken to document the operative procedure and the failure mechanism.
Pre-operatively, dual-energy x-ray analysis (QDR-2000; Hologic Corporation,
Waltham, Massachusetts) of the femora was carried out to quantify the bone
mineral density (BMD).
Statistical analysis
The Wilcoxon paired test and Mann- Whitney U tests were used to analyse the
impaction forces. All group data from the mechanical tests were analysed using
a paired, two-tailed Student t-test. Significance was set at p ≤ 0.05.
RESULTS
Operative procedure
A size 0 femoral stem was inserted into two pairs and a size 1 stem into five
pairs. In specimens 1, 2 and 4 of the experimental group, a fissure developed
in the proximal femur. No fissures were observed in the control group. The
fissures were treated with three cerclage wires around the proximal cortex of
the femur, after which the femoral stems could be inserted as planned.
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Specimen TCP/HA groups
1 2 3 4 5 6 7 Mean SD 95% CI P value
Distal impaction
100% Graft 15.7 9.7 10.5 11.1 11.9 15.7 10.5 12.2 2.5 10.3 to 14.0 0.67
TCP/HA 21.9 11.2 7.1 12.3 11.2 11.7 14.1 11.5 4.5 8.1 to 14.9
Proximal impaction
100% Graft 20.4 17.7 10.7 12.6 10.5 13.1 7.7 13.2 4.4 9.9 to 16.5 0.18
TCP/HA 24.5 11.1 6.7 9.8 10.2 7.9 7.7 11.1 6.1 6.6 to 15.6
Mean impaction
100% Graft 17.8 14.7 10.6 12.0 11.4 15.4 9.4 13.0 3.0 10.8 to 15.2 0.46
TCP/HA 23.1 11.2 7.0 11.5 10.7 10.2 10.3 12.0 5.1 8.2 to 15.8
Table 2. Mean impaction forces (in kN) in the control (100% graft) and TCP/HA groups.
Specimen number
1 2 3 4 5 6 7
Graft TCP/HA Graft TCP/HA Graft TCP/HA Graft TCP/HA Graft TCP/HA Graft TCP/HA Graft TCP/HA
1,000 cycles
plast. deformation 0.11 0.11 1.93 1.10 2.52 0.80 0.49 0.25 3.93 0.75 0.43 0.27 1.48 0.53
9,000 cycles
plast. deformation 0.03 0.11 0.41 0.49 1.21 0.92 0.40 0.24 1.60 0.79 0.41 0.22 1.22 0.34
Remarks † † * † $ #
† Fissure during surgery * Failure at 9120 cycles during 40,000 cycle run
$ Split down the shaft during 9,000 cycle run # Failure at 11644 cycles during 40,000 cycle run
Table 3. Plastic deformation (mm) during the 1,000 and 9,000 cycles run in the control (100%
graft) and TCP/HA groups.
The mean amount of allograft used in the control group was 75.1 g (SD 11.0)
(62.9 to 90.6) and in the experimental group 70.7 g (SD 11.3) (52.1 to 84.5)
(Table 1). The amount of graft in the control (100% graft) group was significantly
higher than in the TCP/HA mix group (p = 0.05). The amount of donor bone was
decreased on average by 52.9% (48.7 to 58.6).
Impaction force
The mean distal impacting force was 12.2 kN (95% confidence interval (CI)
10.3 to 14.0) for the control group and 11.5 kN (95% CI 8.1 to 14.9) for the
experimental group (Table 1). The difference was not statistically significant 
(p > 0.05, Wilcoxon test). The mean number of distal impacts in the 100% graft
group was 123 and in the TCP/HA mix group it was 127.
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Figure 2: Graph showing subsidence,
indicating that most subsidence occurred
during the first part of the test run. 7
The mean impaction force at the proximal end of the control and the
experimental groups was 13.2 kN (95% CI 9.9 to 16.5) and 11.1 kN (95% CI
6.6 to 15.6) respectively (Table 2). There was no statistical difference between
the two groups (p > 0.05, Wilcoxon test). The mean number of proximal
impacts in the control group was 123 and in the experimental group 92. The
mean overall impaction force in the control group was 13.0 kN (95% CI 10.8
to 15.2) and in the experimental group 12.0 kN (95% CI 8.2 to 15.8) (Table 2).
Again, there was no significant difference between the two groups (p > 0.05,
Wilcoxon test). The mean overall number of impacts in the 100% graft group
was 230 and in the TCP/HA mix group it was 263.
The impaction forces of specimen 1 in the experimental group were
significantly higher compared with the rest of the group (p < 0.0001 Mann-
Whitney tests). They were also higher in the control group compared with the
rest of the group, but these differences were not statistically significant.
Mechanical testing 
From each group one specimen failed during cyclic loading. The failure of the
100% allograft specimen occurred after 19 120 cycles and that of the TCP/ HA
mix specimen after 21 644 cycles. In both cases, the proximal part of the
prosthesis shifted medially, resulting in a vertical fracture down the proximal
part of the femur. In another specimen in the TCP/HA mix group a split of
approximately 10 cm occurred in the lateral aspect of the proximal femur
during the 9,000 cycle run. Nevertheless, this femur remained intact during
further mechanical testing.
Most of the subsidence occurred during the first part of the cyclic loading, after
which the rate of subsidence decreased (Fig. 2). In 11 of the 14 specimens the
plastic deformation after 1,000 cycles was higher than after 9,000 cycles (Table 3).
The femora reconstructed with 100% allograft produced higher plastic
deformation after 10,000 cycles (Fig. 3). The mean subsidence in the control
group was 2.31 mm (SD 1.89) and in the experimental group it was 0.99 mm
(SD 0.62) (Table IV). This difference was statistically significant (p = 0.048). Also,
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Specimen 100% Graft TCP/HA mix Ratio Gr/TCP
number
1 0.13 0.21 0.63
2 2.34 1.59 1.47
3 3.74 1.72 2.18
4 0.89 0.49 1.82
5 5.53 1.54 3.59
6 0.84 0.49 1.72
7 2.69 0.86 3.12
Mean 2.31 (SD 1.89) 0.99 (SD 0.62) 2.34
Table IV. Plastic deformation (mm)
and ratio of graft over TCP/HA mix
after 10,000 cycles for both groups.
the femora of the control group showed greater variation in subsidence as shown
by a higher SD (Table IV). The ratio of the mean subsidence of the control over
the experimental group was 2.34. This indicated that subsidence in the control
group was more than two times greater than in the experimental group.
The elastic deformation of the specimens was calculated at the end of each five-
minute rest period. After the 1,000, as well as after the 9,000 cycle run
(accumulative 10,000), the elastic deformation in the control group was higher
than that in the experimental group (0.34 vs 0.28 and 0.49 vs 0.38, respectively).
Furthermore, the values of elastic deformation of the control group after 10,000
cycles were associated with higher standard deviations (0.43 vs 0.30) indicating
greater variability in the elastic deformation in this group.
Imaging
The mean total BMD in the control group was 0.762 g/cm2 (SD 0.186) and
0.742 g/cm2 (SD 0.177) in the experimental group. There was no statistically
significant difference between the two groups (p = 0.22). There was no
relationship between a low BMD and the occurrence of either fissures or failure
during the mechanical tests. All postoperative radiographs showed well-
positioned prostheses.
DISCUSSION
Bone substitutes used for impaction grafting should promote bone healing at
the site of the defect and should provide sufficient initial mechanical stability.
In experimental studies such materials have given complete healing of bone
defects12,13,16,18-20 and a high mechanical stability was found after
reconstruction of an acetabular defect in an artificial acetabular model17. Using
an ovine model, Pratt et al19 tested different ratios of TCP and HA and found
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Fig 3: Plastic
deformation after 10,000
cycles for the graft and
the TCP/HA mix groups.
7
that an increased ratio of TCP over HA (80:20) and a limited number of particle
sizes improved the performance of impacted aggregates as graft expanders.
Moore et al16 showed in a canine ulnar model that pure HA/TCP was not
osteoinductive, and that a 50:50 mixture of HA/TCP and cancellous bone was
as equally effective as pure cancellous bone.
In spite of the fact that we have attempted to ensure that the created defects
were uniform across all femora by following a standardised procedure, the
mean amount of TCP/ HA mix required for reconstruction was significantly less
than that of allograft alone. This difference may be attributed to the lower
compressibility and the near absence of visco-elastic behaviour of the TCP/HA
mixed with bone (50:50 weight mixture)15. Also, this characteristic of the
ceramic may result in a greater transmission of force to the cortex during the
impaction procedure. Three of the seven femora with the TCP/HA/allograft mix
developed fissures during proximal impaction, whereas no fissure occurred in
any of the specimens in the 100% allograft group. Another possible explanation
for the occurrence of the fissures is the lower BMD in the relevant femora. This
was not supported by the data analyses.
During the impaction procedure a large number of TCP/HA particles were
removed each time the impactors were withdrawn. A possible explanation may
be that the TCP/HA particles were less ‘sticky’ than bone graft. This relative
removal of TCP/HA particles alters the actual composition of the mixture. The
addition of clotted blood to increase the cohesion between the TCP/HA
particles has been used in general practice, but to date no research has been
published on its efficiency.
The plastic deformation in the allograft group after 10,000 cycles was
statistically significantly higher than in the TCP/HA mix group. A mean
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subsidence ratio of the control over the experimental group of 2.34 was
calculated, indicating that subsidence in the allograft group was more than two
times higher than that in the TCP/HA mix group. When the femora with the
fissures were excluded from the analysis, the ratio increased to 2.78 but the
decrease in the number of specimens resulted in the loss of statistical
significance. The SD of the graft group was three times higher. Subsidence in
the TCP/HA mix group was thus not only smaller, but also more reproducible.
An explanation for this finding may lie in more cement penetration through the
interparticle space of TCP/HA particles as suggested by Bolder et al17, resulting
in more solid construction.
It has been shown in vitro, that there is less subsidence of the stem in an
impacted bone bed when larger bone chips are used or when the bone is
impacted with more force21. A relationship between subsidence and impaction
force was also observed in our study. The impaction forces in specimen 1 of the
experimental group underwent impaction under forces 1.5 to 2.0 times greater
than the rest of the group and the subsidence was the least. In all other femora
the surgeon used less impaction force, consequently the subsidence in these
femora was greater. Also the control group showed greater elastic deformation
than the experimental group after 1,000 and 10,000 cycles. These observations
suggest less reversible deformation in the TCP/HA mix group as compared with
the graft group. It has also been reported that TCP/HA particles have a much
higher elastic modulus in comparison with human grafts (135 N/mm2 for
human bone grafts and 522 N/mm2 for 80:20 TCP/HA)15.
We have shown that the use of TCP/HA as a graft extender gives a high initial
mechanical stability compared with bone graft alone. A similar finding was
reported in an acetabular model17. From a biomechanical point of view, we
conclude that this type of TCP/HA is a viable graft extender for use in impaction
grafting of the femur. In light of the current shortage of donor bone, graft
extenders have an important role in impaction grafting. It is however very
important that surgeons are aware that TCP/HA mixtures need to be handled
differently than 100% allograft.
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ABSTRACT
Bone impaction grafting is a recognized technique for treating bone
deficiencies encountered during revision hip surgery. A major clinical problem
is limited donor bone availability and pathogen transmission. Therefore there is
an ongoing search for alternative graft materials and methods to improve bone
remodeling. Addition of adipose tissue-derived mesenchymal stem cells (AT-
MSCs) might be attractive to increase remodeling, similar to osteoblasts and/or
vital cells from bone-bank bone. In addition, growth factor application might
stimulate AT-MSC proliferation and/or differentiation, also resulting in increased
bone remodeling. We investigated the effect of bone morphogenetic protein-7
(BMP-7) on expression of osteogenic factors by AT-MSCs, osteoblasts, and vital
cells from bone-bank bone.
BMP-7 increased gene expression of osteopontin (by 8.4-fold), but not
collagen-1, alkaline phosphatase, or runx-2 in AT-MSCs at 1 week. It decreased
alkaline phosphatase activity at 3 weeks, but not 1-2 weeks. BMP-7 did not
affect runx-2 expression in osteoblasts, but it down-regulated the number of
osteoblasts and vital bone-bank cells.
These results suggest that the anabolic effect of BMP-7 in bone grafting can be
explained by stimulated precursor cell differentiation. Transplantation of large
amounts of autologous osteogenic precursor cells in the presence of BMP-7
might enhance remodeling with reparative implications for bone tissue.
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INTRODUCTION
One of the major challenges in orthopaedic revision surgery is to treat the loss
of bone stock. A proven method to reconstruct bone defects is the use of
impacted morsalized bone grafts1-3. Bone defects are treated with vigorously
impacted allograft bone thereby forming a solid basis for the fixation of new
implants. After the surgical procedure, the bone graft is incorporated into the
patient’s own bone and remodeled, resulting in the creation of a new and vital
bone bed4. However there is only limited availability of autograft and/or
allograft bone. In addition, the use of allograft bone carries potential risks like
pathogen transmission and infection, whereas harvesting of autograft bone
leads to donor site morbidity5. Therefore an alternative source of bone graft
would be attractive. 
The use of autologous adult mesenchymal stem cells (MSCs) could be a vital
and attractive alternative to replace bone graft material. Adult MSCs also
provide an alternative source for the ethically controversial embryonic stem
cells. Adult MSC can be derived from bone marrow, or the stromal vascular
fraction of adipose tissue6-9. The advantage of the use of adipose tissue-derived
MSCs (AT-MSCs) is their easy accessibility, in general large biological
availability, and minimal donor site morbidity6,7,9. AT-MSCs can be obtained
from adipose tissue harvested by resection of tumescent liposuction10. AT-MSCs
express surface markers similar to those expressed by MSCs from bone marrow,
including CD105, SH3, Stro-1, CD90, and CD447,11. AT-MSCs exhibit in vivo
osteogenic potential similar to that of bone marrow-derived MSCs, and almost
similar to that of osteoblasts6,9. We have shown earlier that AT-MSCs are likely
able to reintegrate into bone tissue present in vivo, form extracellular bone
matrix, and function as mature bone cells once their differentiation is
accomplished12-14. Thus AT-MSCs provide an extraordinary promising source of
stem cells for the regeneration of functional bone tissue in impaction grafting
orthopaedic revision procedures7.
MSCs as well as osteoblasts and possibly vital cells from bone bank bone are
associated with the remodeling process after impaction grafting15. Under the
influence of growth factors these cells might be stimulated in their
differentiation and/or activity, which could lead to a positive effect on bone
remodeling16-20. Bone morphogenetic proteins (BMPs) induce differentiation of
multipotential MSCs into both chondroblast and osteoblast precursor cells21.
BMPs were discovered in extracts of demineralised bone matrix, and they have
been shown to induce ectopic bone formation in subcutaneous and
intramuscular pockets of rodents15,22,23. BMP-7, also called osteogenic protein-1
(OP-1), is an important modulator of cell proliferation and differentiation of
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osteoblastic cells24-26. Howie et al.16 suggested that BMP-7 might accelerate
bone graft incorporation and remodeling in an animal model. In order to
enhance bone formation for clinical purposes, it is important to evaluate
whether AT-MSCs, osteoblasts, and/or bone bank cells benefit from stimulation
with osteogenic growth factors such as BMP-7. The transplantation of these
cells to the graft site in the presence of osteogenic growth factors might be
beneficial for enhanced bone formation after impaction grafting procedures.
The aim of this study was therefore to assess whether BMP-7 affects the
expression of osteogenic factors by AT-MSCs, osteoblasts, and/or vital cells from
bone bank bone.
METHODS
Stem cells
MSCs were isolated from lipoaspirates of three human donors (age 40-79). The
obtained lipoaspirates were washed with phosphate buffered saline (PBS) to
remove red blood cells, and the extracellular matrix was digested for 90 min at
37°C with 0.05% collagenase (type 1, Sigma, St Louis, MO, USA) in PBS. To
remove tissue debris, the material was filtered through a 100 µm mesh filter
(Stokvis & Smith B.V., IJmuiden, The Netherlands). The adipose tissue-derived
MSCs (AT-MSCs) were collected by centrifugation at 600xg. The cell pellet was
resuspended in culture medium, which was composed of Dulbecco’s modified
Eagle’s medium (D-MEM, Gibco, Paisley, UK) supplemented with 10% fetal
bovine serum (FBS, Hyclone, Logan, UT, USA) plus 600 µg/ml penicillin
(Sigma), 500 mg/ml streptomycin sulphate (Sigma), 50 mg/ml gentamycin
(Gibco), 2.5 mg/ml fungizone (Gibco), 100 mg/ml ascorbate (Merck), and 
10 mM β-glycerolphosphate (Sigma). AT-MSCs were seeded in 6 well plates
(Corning, Inc., Corning, NY, USA) with 2 ml of culture medium per well.
Monolayer MSCs were cultured in the presence of BMP-7 at 0, 40, and 100
ng/ml. At the start of the experiment (T0) ~25x104 cells were harvested in
Trizol® and stored at -80°C until analysis of gene expression. Cells were seeded
in 6 well culture plates at 5x104 cells/well and cultured for a period of 1 week,
or seeded at 3.5x104 cells/well and cultured for 3 weeks. After culture the AT-
MSCs were harvested using 0.25% trypsin and 0.1% EDTA in PBS and
dissolved in Trizol® for RNA-isolation, cDNA synthesis, and real-time PCR
analysis as described below. All cultures were performed in duplicate and the
experiments were repeated 3 times.
Analysis of gene expression
Total RNA was isolated according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA, USA). cDNA synthesis was performed using 0.5-1 µg total RNA
in a 20 µl reaction mix consisting of 5 units Transcriptor Reverse Transcriptase
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(Roche Diagnostics, Mannheim, Germany), 0.08 A260 units random primers
(Roche Diagnostics), 1 mM of each dNTP (Invitrogen), and 1x concentrated
Transcriptor RT reaction buffer. Real-time PCR reactions were performed using
the SYBRGreen reaction kit according to the manufacturer’s instructions (Roche
Diagnostics) in a LightCycler (Roche Diagnostics), and relative housekeeping
gene expression (18S) and relative target gene expression (collagen type I
(COL1), alkaline phosphatase (ALP), osteopontin (OPN) and runt-related factor-
2 (runx-2)) were determined. Values of target gene expression were normalized
for 18S housekeeping gene expression.
Alkaline phosphatase activity
To assess the osteoblastic phenotype of the cells, alkaline phosphatase (ALP)
activity was measured after 1 and 3 weeks of culture. AT-MSCs were seeded in
24-well culture dishes (Greiner Bio-One, Kremsmuenster, Austria) at 104
cells/well and cultured for 1 week, or at 7x103 cells/well and cultured for 3
weeks as described above under “stem cells”. Protein content and ALP activity
were determined in the cell lysate. The amount of protein was determined using
a BCA Protein Reagent kit (Pierce, Rockford, IL, USA), and the absorbance was
read at 570 nm with a microplate reader (BioRad Laboratories Inc., Hercules,
CA, USA). p-Nitrophenyl phosphate (Merck) at pH 10.3 was used as a substrate
to determine ALP activity. The absorbance was read at 410 nm. ALP activity was
calculated as nmol per µg of protein in the cell layer, and data are shown as
BMP-7 treated-over-control ratios.  
Bone cells
Bone cells were isolated from human biopsies from femoral heads, which were
removed during total hip arthroplasty of 3 donors (2 female and 1 male, age 
62 – 72 years). Bone cells were obtained as outgrowth from the human bone
biopsies. For monitoring cell proliferation, microscopic determination of cell
number was performed on bone cell cultures with or without BMP-7 (40
mg/ml). All cell cultures were performed in duplicate. Cell differentiation was
assessed using mRNA analysis as described above under “stem cells”.
Vital bone bank cells
Vital bone bank cells were obtained from femoral heads of five donors. Bone cell
cultures were obtained as described above under “bone cells”. After storage for at
least 6 months (range 6 to 17 months) at -80°C, biopsies were taken from the
center of the femoral head. Bone cells were cultured with or without BMP-7 at 
40 mg/ml, and evaluated microscopically for cell growth, cell aspect, and cell
number. Messenger RNA analysis was not possible from these cultures, because
only a very limited number of cells could be obtained from bone bank biopsies.
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Figure 1: Effect of BMP-7 on gene expression
of COL1, ALP, runx-2, and OPN by AT-MSCs.
BMP-7 increased gene expression of OPN by
8.4-fold after 1 week. BMP-7  did not affect
gene expression of COL1, ALP, and runx-2
after 1 week. Values are mean ± SEM. Real-
time PCR data were normalized for 18s gene
expression and treatment-over-control-rations
(dashed line; +/- BMP-7 = 1, no effect) were
calculated. BMP-7, bone morphogenetic
protein-7; COL1, collagen type I; ALP,
alkaline phosphatase; runx-2, runt-related
factor-2; OPN, osteopontin; AT-MSCs,
adipose tissue-derived mesenchymal stem
cells. *Significant effect of BMP-7, p<0.05.
Statistical analysis
Data were obtained from 3 (AT-MSCs, fresh bone cells) to 5 (bone bank cells)
separate donors. For statistical analysis, the treatment-over-control-ratios 
(+/- BMP-7) of ALP activity and gene expression of COL1, ALP, runx-2, and
OPN were calculated, and data are shown as mean ± SEM. Effects of BMP-7
were tested with a two-tailed t-test for single group means and compared to 1
(+/- BMP-7 = 1, no effect). Differences were considered significant if p<0.05.
RESULTS
AT-MSCs
We tested the effect of three different BMP-7 concentrations (1, 40, and 
100 ng/ml) on gene expression of osteogenic factors in AT-MSC cultures. We
did not detect any significant differences in the effects of BMP-7 at these
concentrations on gene expression of COL1 (1 ng/ml, 1.2±0.5; 40 ng/ml,
1.0±0.3; 100 ng/ml, 1.9±0.3; values are mean ± SEM gene expression
normalized for 18S for 3 experiments), ALP (1 ng/ml, 0.9±0.2; 40 ng/ml,
0.6±0.1; 100 ng/ml, 0.9±0.2), or runx-2 (1 ng/ml, 1.3±0.4; 40 ng/ml, 1.2±0.5;
100 ng/ml, 1.4±0.4). BMP-7 also did not affect ALP activity in AT-MSCs.
Therefore we pooled the gene expression data obtained at each time point from
AT-MSCs treated with 1, 40, or 100 ng/ml BMP-7. We found that 1 week of
BMP-7 treatment increased OPN gene expression in AT-MSCs by 8.4-fold,
whereas BMP-7 did not affect gene expression of COL1, ALP, and runx-2 in 
AT-MSCs after 1 week (Fig. 1).
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Figure 2: Effect of BMP-7 on alkaline
phosphatase activity in adipose tissue-derived
mesenchymal stem cells. BMP-7 treatment for
3 weeks decreased ALP activity by 1.3-fold.
ALP activity was calculated as nmol per µg of
protein in the cell layer, and data are shown
as mean ± SEM of BMP-7 treatment-over-
control ratios (dashed line; +/- BMP-7 = 1, no
effect). BMP-7, bone morphogenetic protein-
7; ALP, alkaline phosphatase; AT-MSCs,
adipose tissue-derived mesenchymal stem
cells. **Significant effect of BMP-7, p<0.01.
BMP-7 had no effect on alkaline phosphatase activity in AT-MSCs after 1 and 2
weeks of culture. BMP-7 treatment for 3 weeks significantly decreased ALP
activity by 1.3-fold (Fig. 2).
The number of cells was increased in the absence and presence of both low 
(1 ng/ml) and high BMP-7 concentrations (40 and 100 ng/ml) after three weeks
of culture as observed by cell counting using histology (data not shown). The
morphology of the cells did not change during the 3 weeks of culture, i.e. the
cells had  a cuboidal to spindle-shaped morphology (Fig. 3).
Fresh osteoblasts and vital bone bank cells
BMP-7 treatment decreased the number of osteoblasts obtained from fresh
biopsies by 60% after 1 week of culture (Fig. 4; donor 3). In these differentiated
osteoblast cultures, no change in runx-2 gene expression was observed by
BMP-7 treatment after 1 week (Fig. 1).
Two of the five bone bank biopsies showed cell outgrowth. These cells had
osteoblastic characteristics similarly to osteoblasts from fresh biopsies, i.e. their
morphology was cuboidal to spindle-shaped. The bone bank-derived cultures
showed high levels of ALP activity (data not shown), indicating that the cells
were bone-derived. Similarly to the fresh biopsies, BMP-7 decreased the
number of bone bank cells (from donor 1 and 2) after 1 week (Fig. 4).
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Figure 3: AT-MSCs cultured in the absence or presence of 1 or 100 ng/ml BMP-7 for 1 and 
3 weeks. During culture, the number of cells increased similarly in cultures with and without
BMP-7. Cell morphology was not affected by BMP-7 treatment.
Figure 4: Treatment with BMP-7
decreased cell number in cultures of
bone bank bone-derived bone cells and
in fresh biopsy-derived bone cells. BMP-7
decreased cell number by 32% in bone
bank bone-derived cell cultures (from
donor 1 and 2), and by 60% in fresh
biopsy-derived bone cell cultures (from
donor 3) after 1 week.
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DISCUSSION
Impaction bone grafting of morsalised bone combined with cement fixation of
primary implants is commonly used in revision hip surgery, since it offers a
biological solution for loss of bone stock1-3,27. After the impaction grafting
procedure a new bone bed is formed. This bone remodeling process allows
revascularization of the graft, the recruitment of mesenchymal stem cells (MSCs)
from the surrounding bone, and osteoblast development. Stem cells and
osteoblasts in combination with growth factors are known to be essential for
new bone formation in bone grafting procedures15. Vital osteoblasts are not only
present in the host bone, but also bone bank bone contains vital osteoblasts28. 
Although good clinical results from the impaction grafting technique have been
described,  potential problems have also been reported23,29,30,31. Several studies
emphasized the importance of bone remodeling as the essential step for the
survival of the construct4,30,32. There is a delicate and complex balance
between achieving initial mechanical stability and the biology of long-term
graft incorporation. Although graft incorporation clearly is a biological process,
it also depends on a certain degree of mechanical stability. To improve clinical
outcome it would be beneficial to stimulate the cellular process of graft
incorporation while maintaining mechanical stability. This might be achieved
by stimulating cells related to the remodeling process with growth factors, and
by transplanting these cells to the reconstruction site. To do this effectively it is
important to know which cell types show the highest responsiveness to the
growth factors, and thus might have most impact on the remodeling process.
In the present study we investigated the effect of BMP-7 on three important cell
types that play a role in bone grafting procedures, i.e. vital cells from bone bank
bone, fresh osteoblasts, and mesenchymal stem cells. Stimulation of these cells
could lead to a positive effect on bone remodeling, as suggested by a.o. Howie
et al.16. We found a significant upregulation of OPN gene expression by
stimulation of AT-MSCs with BMP-7.  Gene expression of COL1, ALP, and 
runx-2 was not changed by treatment with BMP-7. As OPN is a late marker in
the osteogenic differentiation cascade and an important regulator of
biomineralization33, an upregulation of OPN might be an indication of a
starting matrix mineralization capacity of the cells. Moreover OPN was
identified as a critical factor in the bone remodeling process in response to
mechanical loading34,35. Therefore OPN upregulation in AT-MSCs is important
with regard to the bone remodeling process.
ALP activity was not affected after 1 and 2 weeks of culture with BMP-7,
whereas BMP-7 treatment for 3 weeks significantly decreased ALP activity in
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AT-MSCs. A reciprocal and functionally coupled relationship exists between
decline in proliferative activity and subsequent induction of genes associated
with matrix maturation and mineralization36. A temporal sequence of events
takes place in which enhanced expression of ALP occurs immediately after the
proliferative period, followed by increased expression of OPN at the onset of
mineralization38. This mechanism might explain our finding that BMP-7 up-
regulates OPN and down-regulates ALP, since APL up-regulation might have
diminished already at the time points measured.
BMP-7 inhibited the proliferation of human osteoblastic cells grown from bone
bank bone as well as from fresh bone. PCR analysis also did not reveal
upregulation of runx-2 gene expression in these cells under the influence of
BMP-7. It is likely that bone cells from bank bone have a similar reaction
pattern to growth factors as cells from fresh bone. This similarity is confirmed by
the inhibition of proliferation in both cells types by BMP-7. We expect that
runx-2 will not be upregulated in cells from bone bank bone, as there was no
upregulation in osteoblasts from fresh bone either. The lack of stimulation of
runx-2 gene expression in osteoblasts and in cells from bone bank bone by
BMP-7 may be explained by the fact that these cells are already fully
differentiated and therefore cannot be stimulated further by a growth factor like
BMP-7.
The use of precursor cells in combination with specific growth factors is
promising in tissue engineering techniques16-20. Especially autologous AT-MSCs
can easily be harvested, and they are available in large quantities. Osteogenic
stimulation of these cells could therefore be of great value in providing a more
biological treatment of bone defects in impaction grafting revision surgery.
Previous studies have shown the capacity of goat derived AT-MSCs to
differentiate along the osteogenic lineage by stimulation with BMPs or
polyamines13,37,38. AT-MSCs also showed a bone cell-like responsiveness to
mechanical loading after 1,25-dihydroxyvitamin D3-induced osteogenic
differentiation14. AT-MSCs might therefore be able to perform bone cell specific
functions in bone remodeling37,38.
The present study shows that BMP-7 is an initiator of differentiation of human
AT-MSCs, whereas it decreases proliferation of osteoblasts as well as cells from
bone bank allografts. This suggests that the anabolic effect of BMP-7 on bone
healing and in bone grafting procedures can be explained by a stimulation of
precursor cell differentiation. It has been described that multipotent stem cells
can be harvested from adipose tissue39. Transplantation of large amounts of
autologous osteogenic precursor cells in the presence of osteogenic factors to
the donor site might enhance the bone remodeling process after impaction
120
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grafting and other bone grafting procedures, which could enhance patient
outcome by reducing secondary instability caused by graft resorption. The
amount of allograft donor bone needed could then potentially be reduced.
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GENERAL DISCUSSION
Total joint arthroplasty of hip (THA) and knee (TKA) is one of the most
successful medical procedures. Despite the advances in prosthesis design,
prosthesis materials and improvements in operating techniques, aseptic
loosening of the prosthetic components remains the major long-term
complication1,2. The success of THA has broadened its indication, i.e. not only
elderly but also younger patients are nowadays indicated for hip replacement
surgery. Unfortunately the survival of hip prostheses is limited. When loosening
of a prosthesis is evident, revision surgery may be necessary. A major problem
in revision surgery is the loss of bone stock. Impaction bone grafting is a
surgical technique intended to regenerate bone stock and therefore improve the
perspective for the future. Impaction grafting has produced good clinical results
3, but also specific problems have been reported4-7. Further research into this
technique is therefore justified.
The goal of this thesis is to evaluate the clinical results of impaction grafting
revision surgery and to explore improvements in the clinical, biomechanical
and biological aspects of this technique.
CLINICAL ASPECTS
A: What is the clinical presentation of bone loss after failed THA?
In chapter 2 a retrospective clinical follow-up study of 71 uncemented hip
implants is presented in which a high rate of insert wear is described in an
uncemented metal backed acetabular cup. The insert wear was significantly
correlated to osteolysis and cyst formation behind the cup, which confirms the
theory of particle-induced peri-implant bone loss (particle disease). The findings
in chapter 2 illustrate the need for the treatment of loss of bone stock in revision
procedures and demonstrate that the bone stock can be severely compromised
in revision procedures. 
B: What is the clinical outcome of the impaction grafting technique when
applied to revision knee surgery with primary implants?
In chapter 3 the encouraging results of a clinical and radiological follow up
study of knee revisions with impaction grafting are described. Others have also
reported good clinical results of impaction grafting knee surgery8,9. Generally,
long stems that engage the diaphysis are used to prevent tilting of the prosthesis.
In our study we used cemented primary implants, to allow both implant fixation
within the graft and load transfer directly to the graft. The good results achieved
in impaction grafting knee revision illustrate that this technique can be of great
value in restoring bone stock in revision knee surgery.
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C: What is the clinical outcome of impaction grafting revision surgery in
large bone defects, and which parameters are the key variables in making
impaction grafting revision surgery successful in large defects?
In chapter 4 it is shown that in cup revision the impaction bone grafting
technique does not always ensure good long term survival of the construct. In
the clinical follow up study described, 20 of 71 acetabular revisions needed to
be re-revised. This is a considerably less favorable result than reported by 
some3,10,11, but similar to the results of other studies identifying potential
problems with this technique4,5,6,7. The main problems were intra-operative
fractures and high early subsidence, indicating instability of the construct.
In our clinical follow-up study of impaction grafting cup revisions, the number
of large uncontained defects and pelvic discontinuity was high as compared to
other published studies12-15, and a considerable number of AAOS type III and
IV defects were present in the failed group. The relationship between early
failure after using the impaction grafting technique in cases with large bone
defects has also been described in another femoral impaction grafting study
with a relatively large proportion of more severe defects6. Probably the most
important cause of these failures is a lack of initial mechanical support leading
to micromotion of the implant and subsequent graft resorption16. 
We concluded that in revisions with large acetabular defects or with pelvic
discontinuity, the impaction grafting technique comes with a high risk of
complications. This was associated with the size of the bone defect and
apparently with the lack of support of the construct4,6,17. This once again points
to the delicate balance between initial mechanical stability, graft resorption,
new bone formation, biological stability and clinical success. Based on the
conclusion that initial mechanical stability is essential for long-term implant
survival after impaction grafting procedures, potential improvements could be
found by using synthetic materials which increase primary mechanical stability.
At the same time synthetic graft materials could reduce problems related to the
use of allograft bone, like shortage of supply, risk of pathogen transmission, and
high costs. 
BIOMECHANICAL ASPECTS
To overcome specific shortcomings of the impaction grafting technique and
improve clinical outcome, the application of new materials could be of value.
Before these materials can be used in clinical practice, their mechanical
properties and surgical handling should be evaluated. For these tests a realistic
human model is necessary and human cadaver bones are generally used.
Embalmed or frozen bones are an attractive alternative to fresh bones, given the
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difficulty in obtaining a sufficient number of fresh bones (at least in Europe), the
increasing degree of complexity regarding logistics, and the risk of transmission
of pathogens to investigators working with fresh bones18-23. Cadaver bones also
have advantages over artificial bones, as the handling and the mechanical
properties of cadaver bones match reality in the best possible way, whereas
composite bones differ in some of their mechanical characteristics compared to
the in vivo situation24. Generally, bones are harvested from human cadavers
that have been embalmed in a buffered formaldehyde solution and stored for
long periods of time before use. In spite of previous studies describing the
effects of embalming or freezing on the mechanical properties of bones25, the
long-term effects of freezing or embalming are still unknown. 
The following research question was therefore put forward:
A: What are the effects of long-term preservation by freezing or
formaldehyde embalming on the mechanical properties of cortical bone? Is
long-term preserved bone suitable for application in mechanical test
protocols of orthopaedic devices?
In chapter 5 the long-term effects of embalming or freezing on the mechanical
properties of bone are evaluated. After one year no statistically significant effect
was observed in stiffness, strength or energy absorption when comparing
embalmed or frozen bones to a reference group. Based on the results of this
study it can be concluded that embalmed cortical bone can be used as a model
in mechanical tests of orthopedic and trauma devices. This study therefore
serves as a validation of the models used to test potential new materials in
impaction bone grafting revision surgery.
B: Can bioresorbable meshes, which are intended to treat segmental femoral
defects, withstand the mechanical forces applied during impaction grafting?
In chapter 6 we investigated the surgical and mechanical suitability of a
bioresorbable molding mesh for use in impaction grafting revision surgery.
Surgical feasibility was assessed, and mechanical deformation of the mesh
during the surgical procedure and postoperative cyclic loading of the
specimens were measured with strain gauges. All meshes proved to be
surgically usable. The exterior surface deformation of the meshes during the
surgical procedure and post-operative mechanical loading did not exceed 
4500 µm/m, although the meshes were not damaged in a four-point bending
test in which deformations higher than 19,000 µm/m were reached. We did not
assess the influence of material degradation on the mechanical properties of the
studied meshes, nor the possible tissue reactions during the resorption process.
However, the degradation profile of the polylactic acid material has been well
described26-28 and the material properties of these materials seem to stay intact
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long enough for the remodeling process to take place. Several long-term follow
up studies have shown good biocompatibility of these polylactic materials29-32.
Nevertheless, a long-term load bearing in vivo follow up study is warranted
before clinical application of these meshes. We concluded that, from a
biomechanical point of view, the  type of bioresorbable mesh studied can be
used safely during impaction grafting and loading of the stem post-operatively.
C: Are bone graft extenders such as TCP/HA granulae suitable for use in
femoral impaction grafting from a biomechanical point of view?
In impaction grafting procedures  large quantities of allograft bone are
sometimes used12,13,33-35. Bone-graft extenders have been developed to reduce
the need for donor bone. In chapter 7 we compared a 50:50 mixture of
allograft and TCP/HA with 100% allograft in a simulated revision of a total hip
arthroplasty (THA) using human femurs. We evaluated the behavior of the two
materials during impaction grafting, and their effect on immediate post-
operative mechanical stability.
Although the surgical technique was kept constant, in three femurs of the
TCP/HA group a fissure developed during the impaction procedure, while no
fissures were observed in the bone graft group. The lower compressibility and
near absence of visco-elastic behavior of the ceramic may have resulted in a
greater force transmission to the cortex of the femora, which might explain the
development of the three fissures in the TCP/HA group, and the higher initial
mechanical stability. The other specimens in the TCP/HA groups were impacted
with lower impact force to prevent radial fracturing of the femora. The initial
mechanical stability, expressed as less subsidence of the stem during post-
operative mechanical loading, was measured and found to be higher in the
TCP/HA group.
We conclude that the studied type of TCP/HA is a viable graft extender for use
in impaction grafting of the femur from a biomechanical point of view.
However, in clinical practice orthopaedic surgeons need to be aware that the
handling of the material is different from that of 100% bone graft alone. More
specifically, gentler hammering is required to prevent radial failure of the
diaphysis. These results indicate the importance of training when small changes
are made to an established technique.
The higher initial mechanical stability may also be the result of higher
interpartical cement penetration, which is unfavourable from a biological point
of view. The use of mixtures of TCP/HA granules with a nano-crystalline
hydroxyapatite paste to reduce cement penetration has already been
suggested36. A further biological improvement might be achieved by loading
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the graft extender with osteo-inductive growth factors. Tazaki et al.37
demonstrated that an absorbable beta-TCP block might be an effective ceramic
for delivering BMP-2 to the site of action. 
Alternative materials to TCP and HA are also presently under investigation. 
A recent pilot study showed that porous titanium particles can be an alternative
to allograft from a biomechanical point of view38. Further research is warranted
to investigate the long-term effect of possible harmful titanium particle release
and third-body wear. It is likely that the combination of an osteoconductive
scaffold loaded with osteoinductive growth factors could potentially replace
allograft bone in the future. 
BIOLOGICAL ASPECTS
The following key question was addressed.
Is it possible to stimulate cells related to the bone incorporation process in a
biological manner with growth factors like OP-1? 
The use of allograft donor bone for impaction grafting revision surgery has
potential disadvantages. There is a shortage of supply, the use of bone graft is
expensive, and there is a risk of pathogen transmission39-42. Therefore an
alternative source of bone graft is attractive. In chapter 7 we evaluated the use
of a tricalcium phosphate – hydroxyapatite bone graft extender to reduce the
amount of bone graft needed. Additionally, widely available cell sources like
autologous adult mesenchymal stem cells (MSC’s), could be transplanted to the
graft site in combination with growth factors, thus inducing new bone growth.
Adult MSCs provide an alternative source for the ethically controversial
embryonic stem cells. Adult MSC can be derived from bone marrow, or the
stromal vascular fraction of adipose tissue43-49. The advantage of the use of
adipose tissue-derived MSCs (AT-MSCs) is their easy accessibility, in general
large availability, and minimal donor site morbidity43-45,47,49. AT-MSCs can be
obtained from adipose tissue harvested by resection or tumescent liposuction50.
We have shown earlier that AT-MSCs are able to form extracellular bone matrix
and function as mature bone cells once their differentiation is accomplished51-55.
Thus AT-MSCs provide an extraordinarily promising source of stem cells for the
regeneration of functional bone tissue in impaction grafting procedures45. 
To get more insight into which cell type, involved in the remodeling process
after impaction grafting, benefits most from stimulation with a osteogenic
growth factor, and to investigate whether AT-MSCs could potentially contribute
positively to the remodeling process, a cell culture study was performed. In
chapter 8 we investigated the effect of the growth factor bone morphogenetic
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protein-7 (BMP-7) on the expression of osteogenic factors by AT-MSCs,
osteoblasts, and vital cells from bone-bank bone. It was found that BMP-7 is an
initiator of differentiation of human AT-MSCs, but it decreases proliferation of
osteoblasts and cells from bone-bank allografts. This suggests that the anabolic
effect of BMP-7 on bone healing and in bone grafting procedures can be
explained by the stimulation of precursor cell differentiation. 
Transplantation of large amounts of autologous osteogenic precursor cells to
the donor site in the presence of osteogenic factors might enhance the bone
remodeling process after impaction grafting. However, a solid matrix or scaffold
is needed to fill up the bony defects per-operatively, and to create a solid basis
for the re-implanted prosthesis. Nowadays the gold standard for this matrix is
allograft bone, but as mentioned previously, specific problems are associated
with it. The combination of a synthetic scaffold with osteogenic precursor cells
and the right growth factors might reduce the amount of allograft donor bone
needed. Future research needs to focus on optimizing the timing between
scaffold degradation and bone regeneration. This should result in a surgical
technique using the right scaffold in combination with the right cell type and
the right amount of the right growth factor.
ANSWERS TO RESEARCH QUESTIONS
Clinical questions
A: What is the clinical presentation of bone loss after failed THA?
Answer: Loose THA’s can cause bone loss and cyst formation by for example
micromotion of the loose implants and/or particle decrease caused by
polyethylene wear. This compromises bone stock and thereby diminishes the
situation for potential future revisions.
B: What is the clinical outcome of the impaction grafting technique when
applied to relatively simple bone loss in revision knee surgery? 
Answer: The radiological and clinical outcomes after impaction grafting knee
revisions in our study were good. No clinical or radiological announcements of
failure were found in a relatively small group of patients with a relatively short
follow up. Long-term follow up and larger patient studies are necessary to draw
more solid conclusions.
C: What is the clinical outcome of impaction grafting revision hip surgery in
large bone defects, and which parameters are the key variables in making
impaction grafting revision surgery successful in large acetabular defects?
Answer: In general the outcome of impaction grafting is good, however in the
study described in this thesis with large acetabular defects and cases of pelvic
incontinuity, results were less favorable. A reasonable number of re-revisions
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were necessary in this group. Probably the key for successful treatment of these
kinds of defects is an increase in initial mechanical support.
Biomechanical questions
A: What are the effects of long-term preservation by freezing or formaldehyde
embalming on the mechanical properties of cortical bone used for in vitro
mechanical tests in impaction grafting? Is long-term preserved bone suitable for
application in mechanical test protocols of orthopaedic devices?
Answer: The long-term effect of freezing or embalming does not seem to have
significant effect on the mechanical properties of cortical bone. Frozen or
embalmed bones are thus suitable as a model in mechanical tests of
orthopaedic devices.
B. Can bioresorbable meshes intended for use in treating segmental femoral
defects withstand the mechanical forces applied during impaction grafting?
Answer: Bioresorbable meshes can withstand the forces applied to them during
and after impaction grafting, and are from a biomechanical standpoint suitable
for use in impaction grafting.
C. Are bone graft extenders such as TCP/HA granulae suitable for use in femoral
impaction grafting from a biomechanical point of view? What is the clinical
behavior of a TCP/HA graft extender used to treat bone loss in stem revision
procedures in impaction grafting?
Answer: TCP/HA bone graft extenders seem to be mechanically suitable for use
in femoral impaction grafting. The mechanical properties of TCP/HA do differ
from allograft bone as they lack visco-elastic behavior. As a result greater force
is transmitted to the cortex during the impaction procedure, and the risk of
producing a fissure while impacting the graft is higher. 
Biological question
Is it possible to stimulate cells related to the bone incorporation process in a
biological manner with growth factors like OP-1?
Answer: Cells (vital bone-bank cells, osteoblasts and mesenchymal stem cells)
related to the incorporation and remodeling process after impaction bone
grafting are affected by OP-1. OP-1 seems to be an initiator of differentiation of
human AT-MSCs, whereas it decreases proliferation of osteoblasts as well as
cells from bone-bank allografts. This suggests that the anabolic effect of OP-1
on bone healing and in bone grafting procedures can be explained by the
stimulation of precursor cell differentiation.
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CLOSING REMARKS
Patients requiring total hip or knee arthroplasty are getting younger and more
active, thus demanding more of their implant. The first step in dealing with this
is to optimize primary implant design and materials. New materials like highly
cross-linked polyethylene, metal-on-metal bearings and special implant
coatings show less wear and could reduce the risk of aseptic loosening.
Prevalence of large osteolytic cyst formation resulting from back wear due to
inferior quality polyethylene inserts in combination with metal backings with
open screw holes (as described in chapter 2) is nowadays decreasing.
Nevertheless, in the light of an increasing number of primary total hip
arthroplasties implanted in younger and more active patients, it is expected that
the absolute number of revision surgeries will increase in the future.
The technique of bone impaction grafting has developed towards an established
method of treatment of bone defects in revision surgery. Recently Ornstein et al.
56 reported that the impaction grafting technique in femoral revisions has
excellent long-term survival rates, and appears to be a reliable method of
revision surgery. Nevertheless, both good results3,10,11, and less favorable results
have been reported4-7. This indicates that there is still room for improvement of
the technique. In a review of Oakes and Cabanela60 the use of the impaction
bone grafting technique was considered appealing, especially for young
patients. But they also stated that the technically demanding nature of the
procedure, the risks of complications, and the unknown long term fate of the
technique highlight the need for ongoing assessment of impaction bone
grafting. Specific problems like the shortage of allograft bone and potential
pathogen transmission also need to be addressed.
In this thesis diverse aspects of the impaction bone grafting technique have
been highlighted. We investigated the clinical outcome of patient studies and
looked for biomechanical and biological improvements, with a view to
enhancing clinical outcome and reducing the amount of donor bone needed.
Future research will need to focus on further incorporation of the use of
synthetic graft materials and growth factor enhanced graft incorporation. Bone
morphogenetic proteins (BMPs) could improve clinical outcome after
impaction grafting by accelerating new bone formation. On the other hand,
BMPs not only stimulate bone formation but also play an important role in
osteoclastic activity. Animal bone chamber studies by Hannink et al.61,62
revealed no acceleration of bone incorporation by OP-1 when used with
allograft bone or TCP/HA. However, OP-1 has shown positive effects on bone
regeneration in clinical practice63. Because of these contradictory findings it is
essential to understand the exact working mechanism before widespread
clinical application is warranted. 
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A combination of the use of synthetic graft materials and BMPs will lead to
bioactive scaffolds, which could eventually replace allograft bone. As bioactive
scaffolds are used under load-bearing conditions in the impaction grafting
technique, the scaffold needs to hold its mechanical integrity long enough for
new bone formation to occur. Detailed knowledge of the interaction between
osteoblastic and osteoclastic stimulation by the growth factors, in relation to the
mechanical characteristics of the scaffold, is essential. Future research needs to
focus on the balance between scaffold degradation and bone regeneration.
However, it can be expected that scaffolds or synthetic graft materials are going
to largely replace allograft bone graft in the future. These are of increasing
importance, not only in overcoming specific problems associated with the use
of allograft bone, but also because new and more stringent regulations in the
processing of allograft bone are expected. These intensified regulations lead to
increasing costs for safety procedures and could lead to a decrease in available
allograft bone. 
Another new and exciting opportunity to improve clinical outcome is the
emerging discipline of tissue engineering with stem cells. Stem cells in
combination with growth factors and scaffolds are currently of interest to many
scientists worldwide. To further develop the field of tissue engineering it is
essential to sort out the exact pathways in which the different growth factors
interact with stem cells in a time dependent manner. 
For application in impaction grafting, the ultimate goal will be the development
of a synthetic composite able to completely replace allograft bone (thus
creating a fully synthetic reconstruction). This composite should be surgically
suitable, have appropriate mechanical properties, be biocompatible, and be
osteoconductive and inductive. Scaffolds loaded with growth factors and stem
cells should potentially be able to meet these requirements64. However, the
regulations regarding the use of stem cells are strict, and their processing is time
consuming and expensive. New progress in scaffold development65,66 indicates
that the next generation of highly bioactive scaffolds might be able to meet the
stated requirements without the use of stem cells. 
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SUMMARY
Total hip arthroplasty (THA) is an effective and successful procedure for the
treatment of osteoarthritis, fractures, avascular necrosis, and tumors of the hip
joint. Because of its success there is an increasing broadening of the indications
for THA, and the implantation of THAs are becoming more widespread.
Unfortunately prosthesis  survival is limited due to (a)septic loosening or failure
of the implant, and revision surgery may become necessary. The loosening
process and the removal of failed THAs frequently results in bone defects.
Impaction bone grafting is a well established method dealing with bone defects
during orthopaedic revision procedures. Allograft and/or autograft bone is used
to restore bone defects, and after the operation procedure a remodeling process
incorporates the graft bone into the host bone. In this manner the initial bone
stock is restored. This method provides a biological solution to address the loss
of bone, and will facilitate future revision procedures.
In this thesis, clinical, biomechanical, and biological aspects of impaction bone
grafting are enlightened.
Chapter 1 provides a general introduction with an overview of the history and
background of THA, revision hip surgery, and impaction bone grafting. The
reasons for revision surgery and the different possibilities in revision surgery are
described. Also the surgical technique of impaction grafting, and the post-
operative remodeling and incorporation process is explained. New developments
in impaction grafting are described, such as the use of biomaterials and
mesechymal stem cells to reduce the amount of allograft bone needed and to
improve the incorporation process. The research questions addressed in this
thesis have been formulated in light of the background information provided in
this chapter.
In chapter 2 a clinical follow up study of an uncemented screw cup for primary
total hip arthroplasty is presented. Radiographs of 72 uncemented acetabular
implants with a mean follow-up of 6.5 years were analyzed to measure the
wear of the insert.  High insert wear rates of 0.13 mm/year were found due to
an inferior quality polyethylene. Large osteolytic cyst formation was observed
resulting from “back wear” caused by the screw holes in the metal shell of the
cup. High revision rates are expected, and loss of bone stock is a major
problem encountered. This study illustrates the potential indication for the use
of bone impaction grafting to restore bone defects. 
Impaction bone grafting can be of value in revision procedures as shown by the
encouraging clinical and radiological results of impaction grafting revision knee
surgery, which is described in chapter 3. In this study primary cemented knee
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implants in combination with impaction bone grafting were used to restore
bone defects in revision knee surgery. Good clinical and radiological results
were obtained.
Chapter 4 shows that the clinical results of impaction bone grafting are not
always optimal. In the clinical follow up study presented, with a mean follow-
up of 7.2 years (range: 1.6 to 9.7 years), 20 of 71 acetabular impaction grafting
revision procedures needed re-revision for aseptic loosening, giving an overall
survival of 72% (95% CI, range: 54.4 to 80.5%). In this study we attempted to
identify key factors for good long-term implant survival. All patients were
assessed according to the American Academy of Orthopedic Surgeons (AAOS)
classification for bone loss, the amount of bone graft required, thickness of the
graft layer, signs of graft incorporation, and use of augmentation meshes to
reconstruct the bone contour.
Fourteen (70%) of the failures had an AAOS type III or IV bone defect. In the
failed group, poor radiological and histological graft incorporation was seen.
The results of this study suggest that impaction allografting in acetabular
revision with severe bone defects may result in a less favorable outcome than
has been reported previously.
The application of new materials could be of value to improve clinical outcome
and to overcome specific shortcomings of the impaction grafting technique. A
realistic human model is necessary in order to mechanically and surgically test
these new materials. For this purpose, human cadaver bones that have been
embalmed in a formaldehyde solution are frequently used. The long-term effect
of embalming or freezing on the mechanical properties of bone is however
unknown. As human cadavers are generally stored for longer periods of time
before use, we investigated the long-term effect of  embalming or freezing on
the mechanical properties of cortical bone in chapter 5.
After 5 different storage periods (0 to 12 months) the effect of embalming and
freezing on torsion and bending stiffness and strength was evaluated. The effect
on hardness and bone mineral density was also assessed. After one year no
statistically significant effect in non of the studied parameters was observed
when comparing embalmed or frozen bones to a fresh reference group. We
concluded that embalmed or frozen bones can thus safely be used of
mechanical testing and surgical handling studies.
This study validated the model used to test the application of new materials in
impaction bone grafting as described in chapter 6 en 7.
Metal support meshes are used as a mould for the graft in case of segmental
bone defects during impaction grafting revision procedures. Metal meshes
function well, but there are potential disadvantages associated with their use,
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such as the eclipse of the remodeling process as observed on radiographs, stress
shielding, and the need for removal of an additional foreign body when implant
infection develops or when re-revision is needed. Stainless steel meshes also
negatively influence the remodeling process. Most of these disadvantages can
be avoided using bioresorbable meshes. In chapter 6 a surgical simulation
model is used to investigate the surgical and mechanical suitability of a
terpolymer (poly L-lactic acid, poly D-lactic acid and polyglycolic acid)
bioresorbable molding mesh for use in impaction grafting revision surgery. The
meshes were used to restore a 5x5 cm calcar defect. The mechanical
deformation of the meshes was measured during the surgical procedure and
post-operatively by cyclic loading with strain gauges, and the surgical feasibility
was  also assessed.
After heating the meshes to 70°C, all meshes were surgically suitable. The
exterior surface deformation of the meshes during the surgical procedure and
postoperative mechanical loading did not exceed 4500 µm/m. The meshes
were not damaged in a four-point bending test although deformations higher
than 19,000 µm/m were reached. Therefore the results of this study suggest that
this terpolymer bioresorbable mesh seems to have sufficient initial mechanical
properties to warrant additional preclinical in vivo study.
The golden standard in impaction grafting revision surgery is the use of allograft
donor bone to restore bone defects. There are however concerns about
pathogen transmission, the shortage of supply of donor bone, and the high
costs. Bone graft extenders such as tricalcium phosphate (TCP) and
hydroxyapatite (HA) have been developed to reduce the need of donor bone.
TCP and HA have proven biocompatibility and the ability to act as an
osteoconductive material. These materials are best combined with donor bone
in a weight relation of 50:50 thus reducing the required amount of donor bone
by half.
In chapter 7 we evaluated the surgical and mechanical feasibility of a TCP/HA
graft extender for the use in femoral impaction grafting revision procedures in a
human cadaver model. The surgical applicability was assessed during a
simulated revision procedure. During this procedure, force readings were
performed with a specially designed impaction hammer. Post-operatively a
mechanical loading program was applied to test the mechanical stability of the
construct.
The addition of TCP/HA to allograft increased the risk of producing a fissure in
the femur during the impaction procedure, but provided a higher initial
mechanical stability during post-operative loading. This difference may be
attributed to the lower compressibility and the near absence of visco-elastic
behavior of the TCP/HA mixed with bone. From a biomechanical point of view,
we conclude that the investigated TCP/HA is a viable graft extender for use in
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impaction grafting of the femur. In light of the current shortage of donor bone,
graft extenders may have an important role in impaction grafting. It is however
very important that surgeons are aware that TCP/HA mixtures need to be
handled differently than 100% allograft.
As stated above, a major clinical problem in impaction bone grafting is limited
donor bone availability and pathogen transmission. Therefore there is an
ongoing search for alternative graft materials and methods to improve bone
remodeling. An alternative way to reduce the amount of allograft bone needed,
is to search for biological solutions. With the use of growth factors the patient’s
bone cells (osteoblasts) could be stimulated to produce more matrix, thereby
increasing the speed of the remodeling process. Alternatively, the widely
available cell sources like autologous adult mesenchymal stem cells (MSC’s),
could be transplanted to the graft site in combination the growth factors and a
scaffold thereby reducing the need for allograft bone. Adipose tissue-derived
mesenchymal stem cells (AT-MSCs) are easily accessible, have a large
biological availability, and have minimal donor site morbidity. The use of AT-
MSCs might be attractive to increase remodeling, similar to osteoblasts and/or
vital cells from bone-bank bone. In addition, growth factor application might
stimulate AT-MSC proliferation and/or differentiation, also resulting in increased
bone remodeling. In chapter 8 we investigated the effect of bone
morphogenetic protein-7 (BMP-7) on expression of osteogenic factors by AT-
MSCs, osteoblasts, and vital cells from bone-bank bone.
BMP-7 increased gene expression of osteopontin (by 8.4-fold), but not
collagen-1, alkaline phosphatase, or runx-2 in AT-MSCs at 1 week. It decreased
alkaline phosphatase activity at 3 weeks, but not 1-2 weeks. BMP-7 did not
affect runx-2 expression in osteoblasts, but it down-regulated the number of
osteoblasts and vital bone-bank cells.
These results suggest that the anabolic effect of BMP-7 in bone grafting can be
explained by stimulated precursor cell differentiation. Transplantation of large
amounts of autologous osteogenic precursor cells in the presence of BMP-7
might enhance remodeling with reparative implications for bone tissue.
Chapter 9 contains a general discussion, and answers to research questions are
given.
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SAMENVATTING IN NEDERLANDS
De totale heupprothese (THP) is een effectieve en succesvolle ingreep voor de
behandeling van coxarthrose, fracturen van de heup, avasculaire necrose en
tumor van de heup. Gezien zijn succes neemt het indicatiegebied voor het
plaatsen van een THP toe, waardoor ook het aantal THPs dat wordt geplaatst
toeneemt. Door (a)septische loslating of falen van het implantaat is de
overleving van de prothese echter niet ongelimiteerd en kan een
revisieprocedure noodzakelijk zijn. Door het loslatingsproces en het
verwijderen van een prothese kunnen er botdefecten ontstaan. De “bone
impaction grafting” (BIG) techniek is een geaccepteerde methode om
botdefecten te behandelen bij orthopedische revisieprocedures waarbij
allograft en/of autograft bot wordt gebruikt om botdefecten te reconstrueren. Na
de operatie start het remodelleringsproces hetgeen resulteert in een
incorporatie van de botplastiek in het lichaamseigen bot, waardoor er
hernieuwde botopbouw plaats vindt. Door het op deze manier herstellen van
botweefsel wordt er een gunstige uitgangssituatie gecreëerd voor eventuele
toekomstige revisies.
In dit proefschrift worden klinische, biomechanische en biologische aspecten
van bone impaction grafting belicht.
Hoofdstuk 1 is een algemene introductie die de geschiedenis van de THP
beschrijft, en geeft een overzicht van de revisiechirurgie en de bone impaction
grafting. De indicaties en de verschillende behandelopties in de revisiechirurgie
worden beschreven, alsmede de chirurgische techniek en post-operatieve
remodellering en incorporatie van het donorbot. Ontwikkelingen binnen de
impaction grafting, zoals het gebruikmaken van biomaterialen en
mesenchymale stamcellen om de benodigde hoeveelheid donorbot te
verminderen en het incorporatieproces te verbeteren, worden besproken.
In het licht van de beschreven achtergrond informatie zijn de vraagstellingen
van dit proefschrift geformuleerd.
In hoofdstuk 2 wordt een klinische follow-up studie van een ongecementeerde
primaire schroefcup gepresenteerd. Insert wear werd radiologisch geanalyseerd
bij 72 ongecementeerde primaire acetabulaire implantaten met een gemiddelde
follow-up van 6,5 jaar. Door inferieure kwaliteit polyethyleen werd een hoge
insert wear van 0,13 mm/jaar gemeten. Door de schroefgaten in de metalen
buitenschaal van de cup ontstond “back wear” en werden grote osteolytische
cystes waargenomen. Hierdoor werd een hoge revisie ratio gezien waarbij de
aanwezigheid van aanzienlijke botdefecten een belangrijk probleem vormde.
Deze studie illustreert potentiële indicaties voor het gebruik van bone
impaction grafting voor de reconstructie van botdefecten.
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Dat impaction grafting daadwerkelijk van belang kan zijn in revisieprocedures
wordt aangetoond door de bemoedigende klinische en radiologische resultaten
van impaction grafting knierevisies zoals beschreven in hoofdstuk 3. In deze
studie werden gecementeerde primaire totale knie-implantaten gebruikt, in
combinatie met impaction grafting, om botdefecten te reconstrueren in
knierevisiechirurgie. Er werden goede klinische en radiologische resultaten
verkregen.
In hoofdstuk 4 wordt aangetoond dat de resultaten van bone impaction grafting
niet altijd optimaal zijn. In deze klinische follow-up studie met een gemiddelde
follow-up van 7,2 jaar (spreiding: 1,6 tot 9,7 jaar), moesten 20 van de 71
acetabulaire impaction grafting revisies worden gerereviseerd door aseptische
loslating. Dit resulteerde in een overlevingspercentage van 72% (95% CI 54,4
tot 80,5%). In deze studie is getracht om de belangrijkste factoren voor een
goede lange termijnoverleving te identificeren. Van alle patiënten werd de mate
van botverlies in kaart gebracht volgens de classificatie van de American
Academy of Orthopedic Surgeons (AAOS). Tevens werd de benodigde
hoeveelheid donorbot, de dikte van de botplastiek, tekenen van
botincorporatie, en het gebruik van augmentatie meshes beschreven. In de
groep waarbij een re-revisie noodzakelijk was (gefaalde groep) hadden 14
patiënten (70%) een AAOS type III of IV defect. In de gefaalde groep werd een
slechtere radiologische en histologische incorporatie gezien van de botplastiek.
De resultaten van deze studie suggereren dat bone impaction grafting in
acetabulaire revisies met ernstige botdefecten mogelijk een slechtere uitkomst
hebben dan eerder is gerapporteerd in de literatuur. 
Door de toepassing van nieuwe materialen binnen de impaction grafting
techniek zouden de klinische uitkomsten verbeterd kunnen worden en zouden
specifieke problemen het hoofd geboden kunnen worden. Om deze materialen
chirurgisch en biomechanisch te kunnen testen zijn realistische humane
modellen noodzakelijk. In formaline gebalsemde humane beenderen worden
regelmatig gebruikt voor dit doeleinde. Het is echter onbekend wat de lange
termijn effecten van balsemen of bevriezing zijn op de mechanische
eigenschappen van bot. Aangezien humane kadaver beenderen vaak langdurig
worden bewaard voordat ze in een testsituatie worden gebruikt, hebben we de
lange termijn effecten van balsemen en bevriezen op corticaal bot onderzocht
in hoofdstuk 5.
Na 5 verschillende opslagperiodes (0 tot 12 maanden) is het effect van
balsemen en bevriezen op torsie en buigstijfheid en sterkte geëvalueerd. Tevens
werd het effect op hardheid en botdichtheid (bone mineral density, BMD)
bepaald. Na een jaar werd er geen statistisch significant effect gezien op geen
van de onderzochte parameters bij de vergelijking tussen de bevroren en
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gebalsemde groep afgezet tegen een referentie groep (“vers” bot). De conclusie
is derhalve dat gebalsemde en bevroren beenderen gebruikt kunnen worden
voor mechanische testen en in chirurgische evaluatie studies. 
Deze studie valideert het model dat gebruikt is voor de onderzoeken naar
nieuwe materialen in impaction grafting zoals beschreven hoofdstukken 6 en 7.
Bij impaction bone grafting procedures worden metalen meshes gebruikt om de
botcontour te herstellen indien er sprake is van segmentale defecten. Metalen
meshes functioneren goed, maar er zijn toch potentiële nadelen verbonden aan
het gebruik van deze meshes zoals het afschermen van het botremodellerings-
proces op röntgenfoto’s, stress shielding, en indien er een infectie ontstaat moet
er extra materiaal verwijderd worden. Metalen meshes beïnvloeden ook het
botremodelleringsproces op negatieve wijze. De meeste van deze nadelen
kunnen voorkomen worden door gebruik te maken van bioresorbeerbare
meshes. In hoofdstuk 6 wordt een chirurgisch kadavermodel gebruikt ter
evaluatie van de chirurgische en mechanische geschiktheid van een
terpolymeer (poly L-lactic acid, poly D-lactic acid en polyglycolic acid)
bioresorbeerbare mesh in impaction bone grafting revisie chirurgie. De meshes
werden gebruikt om een 5x5 cm calcar defect te reconstrueren. De deformatie
van de meshes werd gemeten met behulp van rekstroken gedurende de
chirurgische procedure en post-operatieve cyclische belasting. Tevens werd de
chirurgische toepasbaarheid geëvalueerd.
Na verwarming tot 70°C waren de meshes goed chirurgisch bruikbaar. De
oppervlakte deformatie van de meshes gedurende de chirurgische procedure en
de post-operatieve belasting was niet groter dan 4500 µm/m, terwijl in een vier-
puntsbuigtest de meshes niet beschadigd raakte bij deformaties groter dan
19.000 µm/m. De resultaten van deze studie suggereren dat deze terpolymer
bioresorbeerbare meshes voldoende initiële mechanische eigenschappen
bezitten om verder preklinisch onderzoek te initiëren.
In impaction grafting revisie chirurgie is allograft donorbot de gouden
standaard om botdefecten te reconstrueren. Er is echter bezorgdheid over het
overdragen van pathogenen, de beperkte beschikbaarheid van donor bot, en
hoge kosten. Om de benodigde hoeveelheid donorbot te reduceren zijn
botgraft extenders ontwikkeld zoals tricalcium fosfaat (TCP) en hydroxyapatiet
(HA). TCP en HA hebben een bewezen biocompatabiliteit en zijn
osteoconductief. De materialen kunnen het beste gecombineerd worden met
donorbot in een 50:50 gewichtsverhouding en reduceren derhalve de
hoeveelheid donorbot met 50%. 
In hoofdstuk 7 werd de chirurgische en mechanische geschiktheid van een
TCP/HA graft extender geëvalueerd in een femorale impaction grafting revisie
procedure in een humaan kadaver model. De chirurgische bruikbaarheid van
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het materiaal werd beoordeeld in een gesimuleerde revisie procedure. Tijdens
de procedure werden de impactiekrachten gemeten met een speciaal
ontwikkelde impactiehamer. Post-operatief werd er een mechanisch
belastingsprogramma toegepast ter evaluatie van de mechanische stabiliteit van
de reconstructie. 
De toevoeging van TCP/HA bij allograft verhoogde het risico op een fissuur in het
femur tijdens de impactieprocedure, maar gaf een verhoogde initiële
mechanische stabiliteit tijdens de post-operatieve cyclische belasting. Dit verschil
werd waarschijnlijk veroorzaakt door de verminderde comprimeerbaarheid en
het vrijwel afwezige visco-elastische gedrag van TCP/HA gemengd met allograft
bot. Uit mechanisch oogpunt concluderen wij dat het door ons onderzochte
type TCP/HA een bruikbare graft extender is voor gebruik bij impaction grafting
van het femur. In het licht van het tekort aan donorbot kunnen graft extenders
een belangrijke rol spelen in impaction grafting. Het is echter van groot belang
dat orthopaedisch chirurgen zich er van bewust zijn dat TCP/HA een andere
chirurgische behandeling behoeven dan 100% allograft.
Zoals reeds eerder gesteld is een belangrijk klinisch probleem in impaction
grafting de gelimiteerde beschikbaarheid van donorbot en het risico van de
overdracht van pathogenen. Er wordt derhalve gezocht naar alternatieve graft
materialen en methoden ter verbetering van de botremodellering. Een
alternatieve methode om de hoeveelheid donorbot te verminderen is het
zoeken naar biologische oplossingen. Door gebruik te maken van groeifactoren
kunnen lichaamseigen botcellen (osteoblasten) gestimuleerd worden meer
matrix te produceren, waardoor het remodelleringsproces versneld wordt.
Tevens kunnen goed beschikbare celbronnen zoals mesenchymale stamcellen
(MSC’s) getransplanteerd worden naar de graft in combinatie met groeifactoren
en een scaffold, waardoor de benodigde hoeveelheid donorbot afneemt. 
Uit vetweefsel verkregen mesenchymale stamcellen (adipose tissue-derived
mesenchymal stem cells, AT-MSCs) zijn makkelijk toegankelijk, hebben een grote
biologische beschikbaarheid en geven een minimale donor-site morbiditeit. AT-
MSCs kunnen mogelijk het remodelleringsproces stimuleren, net zoals
osteoblasten en/of vitale cellen van botbankbot dit zouden kunnen. Tevens zou
het gebruik van groeifactoren de proliferatie en/of de differentiatie van AT-MSCs
kunnen stimuleren hetgeen ook een versnelling van het botremodelleringsproces
zou kunnen bewerkstelligen. In hoofdstuk 8 werd het effect van “bone
morphogenetic protein-7” (BMP-7) op de expressie van osteogene factoren van
AT-MSC’s, osteoblasten en vitale cellen van botbank bot bepaald.
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BMP-7 verhoogde de genexpressie van osteopontine (8,4 x), maar er was geen
effect op collageen-1, alkalische fosfatase of runx-2 in AT-MSCs na 1 week.
Alkalische fosfatase activiteit werd verlaagd na 3 weken, maar niet na 1 en 2
weken. BMP-7 had geen effect op runx-2 expressie in osteoblasten, maar
down-reguleerde het aantal osteoblasten en vitale botbankcellen. 
Deze resultaten suggereren dat het anabole effect van BMP-7 in bot grafting
procedures verklaard kan worden door de stimulatie van differentiatie van
precursorcellen. De transplantatie van grote hoeveelheden autologe osteogene
precursorcellen in combinatie met BMP-7 zou de remodellering kunnen
ondersteunen.
Hoofdstuk 9 bevat een algemene discussie, en tevens worden antwoorden op
onderzoeksvragen gegeven.
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En dan nu het hoofdstuk dat waarschijnlijk iedereen als eerste (en misschien als
enige) zal lezen.
Het schrijven van een proefschrift, gedeeltelijk naast de opleiding tot
orthopaedisch chirurg, is een aardige klus. Uiteraard zou ook mij dit zonder de
hulp van velen nooit gelukt zijn! Iedereen die heeft bijgedragen aan de
totstandkoming van dit boekje en mijn opleiding ben ik veel dank verschuldigd.
Enkele wil ik met name noemen.
Dr. I.C. Heyligers, beste Ide,
Jij hebt aan de basis gestaan van mijn carrière. Zowel op wetenschappelijk als
op orthopaedisch gebied heb jij mij begeleid in tot wat ik nu ben. 
Als student kwam ik bij je voor de begeleiding van mijn wetenschappelijke
stage en nu, vele jaren later, promoveer ik op onderzoek dat door jou is
geïnitieerd. Daarnaast is het een eer mede door jou opgeleid te zijn.
Ik dank je hartelijk voor alles wat ik aan je te danken heb en ik hoop nog
regelmatig met je samen te werken.
Prof. Dr. J. Klein Nulend, beste Jenneke,
Hartelijk dank dat jij de rol van promotor zo voortvarend hebt overgenomen na
het overlijden van Paul Wuisman.
Jouw inzet voor je werk en de wetenschap is bijna onvoorstelbaar. Haast dag en
nacht lijk je aan het werk en manuscripten komen dan ook altijd snel en
minutieus gecorrigeerd terug. Dank voor al je hulp en ondersteuning.
Dr. ir. T.H. Smit, beste Theo,
Ondanks dat je nu in Amerika verblijft, heb je een niet minder belangrijke rol
gespeeld in de totstandkoming van dit proefschrift. Als dagelijks aanspreekpunt
gedurende de twee jaar die ik in de VU als onderzoeker werkte, heb ik veel aan
je gehad. In de latere fase van de totstandkoming van dit proefschrift bleef je
betrokken als een zeer kritische lezer van de manuscripten en heb je vele
waardevolle correcties aangebracht en suggesties gegeven. 
Prof. Dr. P.I.J.M. Wuisman, beste Paul,
Jij zou mijn promotor worden en het wekelijks overleg dat wij hadden tijdens
mijn periode aan de VU heb ik als zeer inspirerend en motiverend ervaren.
De schok was groot toen jij in 2007 plotseling overleed.
Ik herinner me je als een bevlogen wetenschapper en orthopaed. 
Leden van de leescommissie,
Prof. Dr. R.G.T. Geesink, Prof. Dr. W.P. Vandertop, Prof. Dr. Ir. N.J.J.
Verdonschot, Prof. Dr. P. Buma en Prof. Dr. V. Everts. Hartelijk dank voor uw
snelle beoordeling van het manuscript en het gegeven vertrouwen.
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Collega’s, onderzoekers van de afdeling orthopaedie van het VUmc en STEGA,
medewerkers van het dieren- en het celbiologielab,
Hartelijk dank voor de leerzame en vooral ook leuke onderzoekstijd op de VU.
Als simpele dokter heb ik ongelofelijk veel geleerd over het bedrijven van
wetenschap in een gedreven omgeving. Veel dank voor de begeleiding en
ondersteuning tijdens de experimenten in het dieren- en mechanicalab en op
de afdeling orale celbiologie. 
Maatschappen orthopaedie Venlo en Heerlen, vakgroep orthopaedie AZM,
Het is heel leerzaam geweest tijdens mijn opleiding in verschillende keukens te
hebben kunnen kijken. Jullie hebben mij gevormd tot orthopaedisch chirurg. 
Dank voor de ruimte die ik gekregen heb in alle klinieken om aan dit boekje te
werken en voor de interesse van iedereen in mijn onderzoek.
In Venlo mocht ik als eerstejaars al snel veel doen. Ook aan de “grotere”
ingrepen mocht ik al proeven. Ik heb een heel steile leercurve gehad in een
zeer prettige en geborgen omgeving. 
In Heerlen ben ik mij verder kunnen ontwikkelen. Het is ongelooflijk fijn een
belangrijk deel van de opleiding te kunnen doorbrengen in een kliniek met
zo’n variëteit aan pathologie en met zo’n traditie in opleiden. Met name in het
laatste jaar heb ik alle kansen gekregen me te ontwikkelen tot zelfstandig
functionerend orthopaed. 
De meer academisch orthopaedie en met name de kinderorthopaedie heb ik
geleerd in het AZM. Het was een leerzaam jaar waar ik met veel plezier aan
terug denk.
Maatschap en assistenten chirurgie Zwolle
Vers uit het laboratorium heb ik bij jullie mijn eerste stappen gezet als dokter.
Ik heb ontzettend veel bij jullie geleerd. Dank voor het bijbrengen van de
beginselen van het chirurgische vak.
Assistenten orthopaedie cluster Zuid,
We hebben altijd een leuke club gehad hier in het Zuiden. Dank voor de
collegialiteit, gezelligheid en vriendschap tijdens de opleiding.
Maatschap orthopaedie Sittard,
Beste Aart, Frits, Pieter, Nanne en Edwin,
Het is een voorrecht om als jonge klare in zo’n prettige maatschap te kunnen
beginnen. Vanaf het eerste gesprek had ik een prima gevoel en nu ik
daadwerkelijk aan de slag ben is dat alleen maar versterkt. Het is fijn in een
maatschap te komen waar in een open en constructieve manier hard gewerkt
wordt. Veel dank voor de steun die ik krijg in de toch best spannende eerste
periode als “baas”.
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Mijn paranimfen
Bas van der Bij, 
Onze vriendschap gaat ver terug. Vanaf mijn tiende kennen wij elkaar en
sindsdien is ons leven verbonden via het zeilen, roeien, fietstochten,
motorvakanties etc. Door de wat grotere fysieke afstand zien we elkaar
tegenwoordig wat minder, maar het contact is zeker niet minder. Ik ben er van
overtuigd dat onze vriendschap een leven lang mee gaat en het is super dat je
deze dag naast me staat.
Dirk van Oostveen,
We kennen elkaar niet uit de orthopaedie, maar toch zijn we vakbroeders
geworden. Je staat vandaag naast me als vriend en collega, een betere
ondersteuning kan ik me niet wensen.
Vrienden,
Zonder de broodnodige ontspanning wordt het niks in het leven. Ik mag me
gelukkig prijzen met een leuke en trouwe vrienden groep. 
Papa en Mama,
Jullie hebben aan de basis gestaan van alles. Ik heb altijd het gevoel gehad dat
jullie Vincent en mij maximaal gestimuleerd hebben uit het leven te halen wat
er in zit, zonder ons in de weg te staan bij de keuzes die we hebben gemaakt.
Het is fantastisch in zo’n vrijheid en warmte op te groeien. 
Het is ontzettend jammer dat papa deze dag niet kan meemaken, wat zou hij
trots geweest zijn!
Thijs, Nout en Karst
Beste mannen! Het boekje van papa is af. Hopelijk hoef ik nu wat minder vaak
op zolder achter de computer te werken. 
Dank voor jullie vrolijkheid en levensenergie. We gaan nog heel veel leuke
dingen doen!
Lieve Tamar, 
Mijn levensmaatje. We hebben een super gezin en samen vormen we een
fantastisch team. Ik weet dat je dit bedankje onzin vindt, maar zonder jouw
steun en opoffering voor mijn proefschrift en opleiding zou het toch echt niet
gelukt zijn.
Ik zie er naar uit mijn verdere leven met jou te delen! Nu op naar jouw boekje!
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Emil Henri van Haaren was born on the 23thrd
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high school at the Alberdingk Thijm College
(VWO).
In 1994 he started medical school at the Vrije
Universiteit in Amsterdam (VUmc). During his
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surgery and he participated in several research
projects at the department of orthopaedics. After
his graduation in 2002 a two year research period
followed at the department of orthopaedics at the
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Engineering Group Amsterdam (STEGA). In this
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In 2005 the two year training in general surgery
started at the Isala Klinieken in Zwolle (head J.E.
de Vries MD PhD). In 2007 he spent the first
year of orthopaedic training in the VieCuri
Medical Center in Venlo (head J.W. Morrenhof
MD PhD). In 2008 and 2010 he was trained at
the Atrium Medical Center in Heerlen (head I.C.
Heyligers MD PhD), and in 2009 the academic
part of his training was done at the Maastricht
University Medical Center (head Prof G.H.I.M.
Walenkamp MD PhD and Prof L.W. van Rhijn
MD PhD).
After his registration as an orthopaedic surgeon
in March 2011 he joined the orthopaedic group
in the Orbis Medical Center in Sittard.
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